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SUMMARY
The m i c r o s t r u c t u r e  and p r o p e r t i e s  d e v e lo p e d  upon a g e in g  a 
s e r i e s  o f  c a s t  a lu m in iu m  4.8% c o p p e r  a l l o y s  c o n t a i n i n g  d i f f e r e n t  
amounts o f  m agnesium and s i l v e r  have  been  i n v e s t i g a t e d .
Ageing a t  e i t h e r  140°C o r  a t  170°C p roduced  a t e n s i l e  s t r e n g t h  
w e l l  i n  e x c e s s  o f  400 MPa f o r  a l l o y s  c o n t a i n i n g  a p p r o x im a te ly  
0 .6  wt% o f  b o th  m agnesium  and s i l v e r ,  b u t  r a t h e r  l e s s  i n  an  a l l o y  
c o n t a i n i n g  a r e d u c e d  c o n c e n t r a t i o o n  (0 .2 3  wt%) o f  m agnesium .
P r e c i p i t a t i o n  i n  t h e  s t r o n g e r  m a t e r i a l s  o c c u r r e d  a lm o s t  
e n t i r e l y  on {111} p l a n e s  o f  th e  a lum in ium  l a t t i c e ,  b u t  i n  t h e  a l l o y  
c o n t a i n i n g  l e s s  m agnesium  p r e c i p i t a t e s  were formed on {100} a s  
w e l l  a s  {111} p l a n e s .
The { 1 1 1 } - ty p e  p r e c i p i t a t e  h a s  b een  i d e n t i f i e d  a s  h a v in g  a 
h e x a g o n a l  c r y s t a l  s t r u c t u r e  w i t h  a  = 0 .4 9 6  nm, and c / a  = 1 .4 1 4 ,  and 
i t  i s  c o n s id e r e d  to  b e  an  e q u i l i b r i u m  p h a s e .  I t s  o r i e n t a t i o n  
r e l a t i o n s h i p  i s  g iv e n  by [0001] p a r a l l e l  t o  <111> i n  t h e  a lu m in iu m  
l a t t i c e  and <1010> p a r a l l e l  t o  <110>. T h is  a l ig n m e n t  r e s u l t s  i n  
c lo s e  r e g i s t r y  b e tw e en  t h e  r e s p e c t i v e  s t r u c t u r e s .  A s m a l l  a d d i t i o n  
o f  z in c  ( -  1 .13  wt%) r e d u c e s  t h e  s i z e  o f  t h e  p r e c i p i t a t e  b u t  does  
n o t  change i t s  c r y s t a l  s t r u c t u r e .  P r e c i p i t a t i o n  on {100} l a t t i c e  
p l a n e s  i s  a s s o c i a t e d  w i t h  t h e  f o r m a t i o n  o f  t h e  0 1 p h a s e .
Q u a n t i t a t i v e  TEM m easu rem en ts  o f  p r e c i p i t a t e  s i z e s  and  p o p u l a ­
t i o n s  have  b een  c a r r i e d  o u t .  The d a t a  i n d i c a t e  f i r s t l y  t h a t  p r e c i p i ­
t a t e  grow th  i s  a  d i f f u s i o n - c o n t r o l l e d  r a t h e r  th a n  an  i n t e r f a c e -  
c o n t r o l l e d  p r o c e s s .  S e c o n d ly ,  i t  i s  shown t h a t  th e  p r e c i p i t a t i o n -  
h a rd e n in g  m echanism  w hich  o p e r a t e s  a s  t h e  peak  h a rd n e s s  i s  r e a c h e d  
upon a g e in g  i s  a s s o c i a t e d  w i t h  t h e  s h e a r  o f  p r e c i p i t a t e s  by  d i s l o c a ­
t i o n s .  As t h e  p r e c i p i t a t e s  c o a r s e n  a f t e r  l o n g e r  a g e in g  t i m e s ,  t h e  
d i s l o c a t i o n  bowing m echanism  comes i n t o  o p e r a t i o n  and t h e  s t r e n g t h  
o f  t h e  a l l o y  d e c r e a s e s .
M echan ica l  t e s t s  c a r r i e d  o u t  i n  a  s e a  w a te r  e n v iro n m e n t  
showed t h a t  t h e  s t r e n g t h  o f  a l l  a l l o y s  was d e g ra d e d .  E x t e n s i v e  
i n t e r g r a n u l a r  a t t a c k  o c c u r r e d  and  c o r r o s i o n  p r o d u c t s  c o n t a i n i n g  t h e  
e le m en ts  oxygen , s u lp h u r  and  c h l o r i n e  w ere  fo rm ed . The z i n c  a d d i t i o n  
h a s  a b e n e f i c i a l  e f f e c t  on th e  s t r e s s - c o r r o s i o n  r e s i s t a n c e  o f  t h e s e  
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1.1 G e n e ra l  Background
1 .1 .1  Aluminium
I n  i t s  p u re  fo rm  a lum in ium  h a s  p r o p e r t i e s  w hich make i t  an  
a t t r a c t i v e  m a t e r i a l  f o r  a  w ide  v a r i e t y  o f  u s e s .  I t  h a s ,  f o r  ex am p le ,  
a  low s p e c i f i c  g r a v i t y ,  a  h ig h  r e s i s t a n c e  t o  c o r r o s i o n ,  e x c e l l e n t  
e l e c t r i c a l  and th e r m a l  c o n d u c t i v i t i e s  and c an  b e  e a s i l y  fo rm e d .
For many y e a r s  a lum in ium  h a s  b een  t h e  a c c e p t e d  m e ta l  u s e d  i n  
t h e  m a n u fa c tu re  o f  s a u c e p a n s ,  f r y i n g  p a n s ,  k e t t l e s  and s i m i l a r  
d o m e s t ic  a r t i c l e s .  I n  t h e  b u i l d i n g  and a l l i e d  t r a d e s  t h e  m e ta l  i s  
u se d  e x t e n s i v e l y  b e c a u s e  o f  i t s  l i g h t  w e i g h t ,  r e s i s t a n c e  t o  a tm o s­
p h e r i c  c o r r o s i o n  and  t h e  e a s e  w i t h  which v a r i o u s  v i s u a l  e f f e c t s  c an  
be  o b t a i n e d .  A ls o ,  a lu m in iu m  i s  b e in g  i n c r e a s i n g l y  u s e d  i n  t h e  
p a c k a g in g  i n d u s t r y  w here  i t s  a b s e n c e  o f  t o x i c i t y ,  i t s  d u c t i l i t y ,  
im p e r m e a b i l i t y  t o  m o i s t u r e  and o t h e r  v a p o u r s ,  and o p a c i t y  make i t  an 
a t t r a c t i v e  m a t e r i a l  f o r  u s e  a s  c i g a r e t t e  f o i l  r a n g in g  t o  b e e r  
b a r r e l s .  I n  t h e  e l e c t r i c a l  i n d u s t r y ,  a lum in ium  i s  r e p l a c i n g  c o p p e r  
i n  many o f  t h e  t r a d i t i o n a l  a p p l i c a t i o n s  on a c c o u n t  o f  i t s  e x c e l l e n t  
e l e c t r i c a l  c o n d u c t i v i t y ,  i t s  l i g h t  w e ig h t  and i t s  c h e a p n e s s  to  p r o ­
duce  compared w i t h  c o p p e r .  The r a n g e  o f  a p p l i c a t i o n s  o f  t h e  m e ta l  
i s ,  how ever ,  c o n s i d e r a b l y  e x te n d e d  when u s e d  a s  an  a l l o y .
1 .1 .2  Aluminium a l l o y s
Aluminium i s  a  s o f t  m e ta l  w h ic h ,  i n  i t s  p u re  fo rm ,  d o e s  n o t  
r e sp o n d  w e l l  t o  a t t e m p t s  t o  im prove i t s  m e c h a n ic a l  p r o p e r t i e s  by 
m e c h a n ic a l  a n d / o r  h e a t  t r e a t m e n t  p r o c e d u r e s .  However, by  a l l o y i n g  
th e  a lum in ium  w i t h  c e r t a i n  e le m e n ts  i t  i s  p o s s i b l e  t o  i n c r e a s e  t h e  
s t r e n g t h  c o n s i d e r a b l y  by in d u c in g  a " p r e c i p i t a t i o n - h a r d e n i n g "  
r e a c t i o n  i n  t h e  m a t e r i a l  ( s e e  s e c t i o n  1 . 2 ) .  More i m p o r t a n t l y ,  i f  t h e  
low s p e c i f i c  g r a v i t y  o f  t h e  a l l o y  c an  s t i l l  b e  r e t a i n e d ,  v e r y  h i g h  
s t r e n g t h :  w e ig h t  r a t i o s  c a n  b e  a c h ie v e d .  T h is  i s  p a r t i c u l a r l y  
im p o r ta n t  i n  a e r o s p a c e  a p p l i c a t i o n s .
Many m e t a l s  w i l l  a l l o y  w i th  a lum in ium , a l t h o u g h  c o m p a r a t i v e l y  
few have  s u f f i c i e n t  s o l i d  s o l u b i l i t y  t o  s e r v e  a s  m a jo r  a l l o y i n g  
a d d i t i o n s .  T a b le  1.1 g i v e s  t h e  s o l i d  s o l u b i l i t i e s  o f  v a r i o u s
1
T a ble  1 . 1
S o l u b i l i t y  o f  E lem en ts  i n  Aluminium 
(from  I  J  P o lm ear ,  L ig h t  A l l o y s ,  A rno ld  L td  1981)
E lem ent T e m p era tu re( ° c )
Maximum S o l i d  S o l u b i l i t y
(wt%) ( a t  % )
Cadmium 649 0 .4 0 0 .0 9
Copper 548 5 .6 5 2 .4 0
Chromium 661 0 .7 7 0 .4 0
I r o n 655 0 .0 5 0 .0 2 5
L ith iu m 600 4 .2 0 16 .3
Magnesium 450 17 .40 18 .5
Manganese 658 1 .8 2 0 .9 0
N ic k e l 640 0 .0 4 0 .0 2
S i l i c o n 577 1 .6 5 1 .5 9
S i l v e r 566 55 .6 1 3 .8
T i ta n iu m 665 - 1 . 3 - 0 .7 4
Zinc 443 70 2 8 .8
Z ircon ium 6 6 0 .5 0 .2 8 0 .0 8
s Vv / t r  7
e le m e n ts  i n  a lum in ium  and o n ly  z i n c ,  m agnesium, c o p p e r  and s i l i c o n  
a r e  d i s s o l v e d  t o  any a p p r e c i a b l e  e x t e n t .  N e v e r t h e l e s s ,  many e le m e n ts  
w hich  have  s o l u b i l i t i e s  be low  1 a to m ic  % may s t i l l  c o n f e r  i m p o r ta n t  
b e n e f i t s ;  f o r  exam p le ,  chrom ium, m anganese and z i r c o n iu m  may be added  
t o  c o n t r o l  g r a i n  s t r u c t u r e ^ .
Each c l a s s  o f  a l l o y  b e h a v es  d i f f e r e n t l y ,  w i t h  c o m p o s i t io n  and  
s t r u c t u r e  d i c t a t i n g  t h e  f a b r i c a t i o n  c h a r a c t e r i s t i c s  and s u b s e q u e n t  
p r o p e r t i e s  which c a n  be  d e v e lo p e d .  Aluminium a l l o y s  a r e ,  t h e r e f o r e ,  
c l a s s i f i e d ,  a s  i n  t h e  I n t e r n a t i o n a l  A l lo y  D e s i g n a t i o n  System  (IADS) 
f o r  w rought p r o d u c t s ,  a l t h o u g h  many c o u n t r i e s  s t i l l  r e t a i n  t h e i r  own 
c l a s s i f i c a t i o n  s y s te m .
1 .1 .2 .1  W rought a lum in ium  a l l o y s
The IADS num bering  sy s te m  c o n s i s t s  o f  f o u r  d i g i t s ,  t h e  f i r s t  
r e l a t i n g  t o  t h e  m a jo r  a l l o y i n g  e le m e n t ,  s e e  F ig u r e  1.1 ( f o r  e x a m p le ,  
t h e  2000 s e r i e s  h a v e  c o p p e r  a s  th e  m a jo r  a l l o y i n g  a d d i t i o n ,  t h e  7000 
s e r i e s  z i n c ) . The r e m a in in g  numbers r e f e r  t o  th e  d i f f e r e n t  com m erc ia l  
v a r i a t i o n s  o f  th e  b i n a r y  s y s te m . The way i n  w hich  th e  a l l o y  was 
p roduced  i s  a l s o  i n c lu d e d  in  t h e  c l a s s i f i c a t i o n .  F o r  ex a m p le ,  an  
a lu m in iu m -z in c  a l l o y  w hich  h a s  been  s o l u t i o n  t r e a t e d ,  c o ld  worked th e n  
a r t i f i c a l l y  aged  would be  d e s ig n a t e d  7075-T7. H ence , any a l l o y  c a n  be 
c l a s s i f i e d  by th e  m a jo r  a l l o y i n g  a d d i t i o n  ( f i r s t  d i g i t  o f  n u m b e r ) ,  th e  
b a s i c  h e a t  t r e a tm e n t  c o n d i t i o n  ( l e t t e r )  and any se c o n d a ry  t r e a t m e n t  
u se d  t o  i n f l u e n c e  th e  p r o p e r t i e s  o f  th e  a l l o y  ( l a s t  d i g i t ( s ) ) .
A p p ro x im a te ly  80% o f  a l l  a lum in ium  a l l o y  p r o d u c t s  a r e  u s e d  in  
th e  w rought c o n d i t i o n .  Wrought a l l o y s  c an  be  f u r t h e r  d i v id e d  i n t o  n o n ­
h e a t  t r e a t a b l e  and  h e a t  t r e a t a b l e  g r o u p s .  S t r e n g t h  i n  n o n - h e a t  t r e a t a b l e  
a l l o y s  i s  a c h ie v e d  m a in ly  by  c o ld  w o rk in g ,  u s u a l l y  d u r in g  th e  f a b r i c a t i o n  
p r o c e s s  i t s e l f .  They c o m p r ise  t h e  v a r i o u s  g r a d e s  o f  a lum in ium  a s  w e l l  
a s  a l l o y s  w i th  m anganese a n d / o r  magnesium a s  th e  m a jo r  a d d i t i o n s ,  
t h e s e  e le m e n ts  o f f e r i n g  some m easu re  o f  d i s p e r s i o n  h a r d e n in g  (Al-Mn) 
a n d /o r  s o l i d  s o l u t i o n  h a r d e n i n g  (A l-M g). Examples o f  some n o n - h e a t  
t r e a t a b l e  a l l o y s  and t h e i r  a p p l i c a t i o n s  a r e  g iv e n  i n  T a b le  1 . 2 .
Wrought a l l o y s  t h a t  r e s p o n d  t o  s t r e n g t h e n i n g  by  h e a t  t r e a t m e n t  
a r e  th e  s e r i e s  2xxx (A l-C u ,  Al-Cu-M g), 6xxx (A l-M g-S i)  and 7xxx 
(Al-Zn-Mg, A l-Z n-M g-C u), s e e  T a b le  1 .3 .  T y p ic a l  p r o p e r t i e s  and 
a p p l i c a t i o n s  a r e  l i s t e d  i n  T ab le  1 .4 .  Wrought a l l o y s  can  be  f u r t h e r  
d iv id e d  i n t o  two g r o u p s :  th o s e  t h a t  have  medium s t r e n g t h  and  a r e
2
Alum inium  alloy and tem per designation system s
F ig u re  1.
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L  hard
W here a second dign is used 
for T tempers or a third 
is used lor condition H this 
indicates a specific 
treatment e g amount of cold 
work to secure specific 
properties
Refer to specula tions or 
m anufacturers literature 
for details
(sam ples of alloy and temper
descrw tw ns
Hi 5152 H36 -
aluminium magnesium alloy 
cold worked and stabilized 10 
develop a 3  A hard conditwn 
|2 | 6061 T6 *
aluminium magnesium SrlCOn 
aUoy solutwn heat treated 
lo«Owed by articiai age mg
1 The IADS a lum inium  a l l o y  d e s ig n a t io n  sy s tem  f o r  wrought 
a l l o y s  ( from  Polmear [ 1 ] ) .
T able  1 . 2
C o m p o s i t io n s ,  M e ch a n ica l  P r o p e r t i e s  o f  S e l e c t e d  Non-Heat T r e a t a b l e  W rought Aluminium A l lo y s
(Aluminium i s  b a l a n c e )  A l l  i n  wt%
IADS
D e s ig n a t io n S i Fe Cu Mn Mg Zn Cr Ti Temper
T e n s i l e
S t r e n g t h
MPa
E lo n g a ­
t i o n
%
..............  ......................  ...................................... ■ . , ■
T y p ic a l
A p p l i c a t i o n s
1100 1 .0  S i + Fe 0 . 0 5 -
0 .2






S h e e t ,  p l a t e ,  tu b e  
w i r e






E l e c t r i c a l  and 
e l e c t r o n i c  f o i l
3003 0 .6 0 .7 0 . 0 5 -
0 .2
1 . 0 -
1 .5






S h e e t ,  p l a t e ,  
c o o k in g  u t e n s i l s
5005 0 .3 0 .7 0 .2 0 .2 0 . 5 -
1 .1






High s t r e n g t h  f o i l ,  
e l e c t r i c a l  c o n d u c to r  
w i r e
5083 0 .4 0 .4 0 0 .1 0 . 4 -
1 .0
4 . 0 -
4 .9
0 .2 5 0 .0 5 -
0 .2 5






S p e c i a l  p u rp o s e  s h e e t  
p l a t e  e t c  f o r  su c h  a s  
m a r in e  h u l l s  and 
s u p e r s t r u c t u r e s












S h e e t ,  t u b i n g  f o r  
w a te r  c o o le d  n u c l e a r  
r e a c t o r s
0 = A nnea led H18 = Cold w orked , f u l l y  h a '
T a ble  1 . 3
C o m p o s i t io n s  o f  S e l e c t e d  H eat T r e a t a b l e  W rought Aluminium A l lo y s  
(A l l  c o m p o s i t io n s  in  wt% w i th  b a l a n c e  a lum in ium )
IADS
D e s i g n a t i o n S i Fe Cu Mn Mg Zn Cr T i O th e r
2011 0 .4 0 .7 5 . 0 - 6 . 0 0 .3 0 0 . 2 - 0 . 6  Bi 
0 . 2 - 0 . 6  Pb
2014 0 . 5 - 1 . 2 0 .7 3 . 9 - 5 . 0 0 . 4 - 1 . 2 0 . 2 0 - 0 . 8 0 .2 5 0 .1 0 0 .1 5 0 . 2  Zr + Ti
2024 0 .5 0 0 .5 0 3 . 8 - 4 . 9 0 . 3 0 - 0 . 9 1 . 2 - 1 . 8 0 .2 5 0 .1 0 0 .1 5 0 .2  Zr + Ti
2124 0 .2 0 0 .3 0 3 . 8 - 4 . 9 0 . 3 0 - 0 . 9 1 . 2 - 1 . 8 0 .2 5 0 .1 0 0 .1 5 0 .2  Zr + Ti
6063 0 . 2 0 - 0 . 6 0 .3 5 0 .1 0 .1 0 . 4 5 - 0 . 9 0 .1 0 0 .1 0 0 .1 0
6351 0 . 7 - 1 . 3 0 . 5 0 .1 0 . 4 - 0 . 8 0 . 4 - 0 . 8 0 .2 0 .2
7010 0 .1 0 .1 5 1 . 5 - 2 . 0 0 .3 0 2 . 2 - 2 . 7 5 . 7 - 6 . 7 0 .0 5 0 . 1 1 - 0 . 1 7  Zr
7075 0 .4 0 . 5 1 . 2 - 2 . 0 0 .3 0 2 . 1 - 2 . 9 5 . 1 - 6 . 1 0 . 1 8 - 0 . 2 8 0 .2 0 0 .2 5  Zr + Ti
7178 0 .4 0 . 5 1 . 6 - 2 . 4 0 .3 0 2 . 4 - 3 . 1 6 . 3 - 7 . 3 0 . 1 8 - 0 . 3 5 0 .2 0
7079 0 .3 0 .4 0 . 4 - 0 . 8 0 . 1 - 0 . 3 2 . 9 - 3 . 7 3 . 8 - 4 . 8 0 . 1 0 - 0 . 2 5 0 .1 0
Table  1 . 4
P r o p e r t i e s  and A p p l i c a t i o n s  o f  S e l e c t e d  H eat T r e a t a b l e  
WRought Aluminium A l lo y s
IADS
D e s ig n a t io n Temper
T e n s i l e
S t r e n g t h
(MPa)
E lo n g a t io n
(%) T y p ic a l  A p p l i c a t i o n s
2014 T6 480 13 A i r c r a f t  s t r u c t u r e s
2024 T6 470 20 A i r c r a f t  s t r u c t u r e s  and 
s h e e t
6063 T6 240 12 A r c h i t e c t u r a l  e x t r u s i o n s , 
p ip e s
7075 T6 570 11 High s t r e n g t h  a i r c r a f t  
s t r u c t u r e s
7079 T6 540 14 A i r c r a f t  f o r g i n g s
T6 = S o l u t i o n  t r e a t e d  + a r t i f i c i a l l y  aged
r e a d i l y  w e ld a b le  (A l-M g-S i and Al-Zn-M g) and th o s e  t h a t  h av e  h ig h  
s t r e n g t h  b u t  a r e  n o t  e a s i l y  w elded  (A l-C u ,  Al-Cu-Mg and A l-Z n -M g-C u).
1 . 1 . 2 . 2  C a s t  a lum in ium  a l l o y s
The s p e c i a l  a d v a n ta g e s  of u s i n g  a lum in ium  a l l o y s  f o r  c a s t i n g s  
a r e  ( a p a r t  f rom  l i g h t  w e ig h t )  th e  r e l a t i v e l y  low m e l t i n g  t e m p e r a t u r e s ,  
n e g l i g i b l e  s o l u b i l i t y  f o r  a l l  g a s e s  e x c e p t  h y d ro g e n ,  and th e  good 
q u a l i t y  s u r f a c e  t h a t  i s  u s u a l l y  a c h ie v e d  w i th  th e  f i n a l  p r o d u c t .
A l th o u g h  h ig h  f l u i d i t y  i s  d i s p l a y e d  by  m ost  a l l o y s ,  t h e  s h r in k a g e  o f  
b e tw een  3 .5  t o  8.5% t h a t  o c c u rs  d u r in g  s o l i d i f i c a t i o n  i s  a  m a jo r  p rob lem  
w hich means t h a t  a l lo w a n c e s  have  to  b e  made in  mould d e s ig n  i n  o r d e r  
t o  a c h ie v e  d im e n s io n a l  a c c u r a c y .  O th e r  p ro b le m s  w hich m ust be  
m in im ised  i n c lu d e  h o t  t e a r i n g  o r  c r a c k i n g ,  r e s i d u a l  s t r e s s e s  and 
s h r in k a g e  p o r o s i t y .
I n  a l l  a r e a s  e x c e p t  c r e e p ,  c a s t  a l l o y s  g e n e r a l l y  h av e  m e c h a n ic a l  
p r o p e r t i e s  t h a t  a r e  i n f e r i o r  t o  w ro u g h t  p r o d u c t s .  A l s o ,  t h e  p r o p e r t i e s  
o f  c a s t  p r o d u c t s  t e n d  t o  be  much more v a r i a b l e  th ro u g h o u t  a  g iv e n  
com ponent. I n  v iew  o f  th e  demand f o r  g r e a t e r  a s s u r a n c e  i n  m e e t in g  
s p e c i f i e d  m e c h a n ic a l  p r o p e r t i e s  a p r o c e s s  known a s  "premium q u a l i t y "  
c a s t i n g  h a s  b een  i n t r o d u c e d .  T h is  r e p r e s e n t s  a  m a jo r  advance  in  fo und ry  
te c h n o lo g y  and c o n s i s t e n c i e s  i n  m e c h a n ic a l  p r o p e r t i e s  w hich  w ere  
p r e v i o u s l y  th o u g h t  u n a t t a i n a b l e  have  b e e n  a c h ie v e d  th ro u g h  c o n t r o l  o f  
such  f a c t o r s  a s  m e l t i n g  and p o u r in g  p a r a m e t e r s ,  im p u r i ty  l e v e l s ,  g r a i n  
s i z e  a n d ,  i n  th e  c a s e  o f  sand c a s t i n g ,  t h e  u s e  o f  m e ta l  c h i l l s  to  
i n c r e a s e  s o l i d i f i c a t i o n  r a t e s .  A l th o u g h  "premium q u a l i t y "  c a s t i n g s  
a r e  more e x p e n s iv e  t o  p ro d u ce  th a n  t h o s e  made by s t a n d a r d  m e th o d s ,  such 
a s  sand  c a s t i n g  and g r a v i t y  d i e  c a s t i n g ,  t h e y  may y e t  be  c o s t - e f f e c t i v e  
i f  th e y  can  r e p l a c e  w rough t  c o m ponen ts .
No i n t e r n a t i o n a l l y  a c c e p te d  sy s tem  o f  n o m e n c la tu r e  h a s  b e e n  a d o p te d  f o r  
c a s t  a lum in ium  a l l o y s  a l t h o u g h  th e  A lum inium  A s s o c i a t i o n  o f  t h e  
U n i te d  S t a t e s  h a s  r e c e n t l y  i n t r o d u c e d  a sy s te m  s i m i l a r  to
t h a t  a d o p te d  f o r  w rough t  a l l o y s .  T h i s  i s  d e t a i l e d  i n  F i g u r e  1 .2 .  For 
p u r e  a lum in ium  c a s t i n g s  th e  second  two d i g i t s  i n d i c a t e  th e  minimum 
p e r c e n ta g e  o f  a lu m in iu m ; th e  l a s t  d i g i t ,  t o  th e  r i g h t  o f  t h e  d e c im a l  
p o i n t ,  i n d i c a t e s  p r o d u c t  fo rm , w i th  0 and 1 b e in g  u se d  to  d e n o te  c a s t i n g s  
and in g o t  r e s p e c t i v e l y .
3
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Silicon with added copper and/or magnesium 3xx.x 3xx
Silicon 4xx.x 1 to 99
Magnesium 5xx.x 2xx
Zinc Ixx .x 6xx
Tin i xx . x I x x
Other element 9xx.x
Unused series t x x . x
Figure 1.2 The US alloy designation system for cast_alloys (from 
Polmear [ 1 ]).
The 2 x x .x  t o  9 x x .x  a l l o y s  a r e  d i f f e r e n t  in  t h a t  t h e  second two 
d i g i t s  s e rv e  t o  i d e n t i f y  th e  d i f f e r e n t  a lum in ium  a l l o y s  in  t h e  g roup , 
w h i l s t  t h e  l a s t  d i g i t  a g a in  i n d i c a t e s  p r o d u c t  fo rm . The same tem per 
d e s i g n a t i o n s  u s e d  f o r  w rought p r o d u c t s  a r e  u se d  to  i d e n t i f y  su b seq u en t  
h e a t  t r e a t m e n t  o f  c a s t i n g s .  Some w id e ly  u s e d  c a s t  a lum in ium  a l l o y s  
and t h e i r  c o m p o s i t i o n s  a r e  l i s t e d  i n  T a b le  1 . 5 .  Of t h e s e  o n ly  th e  2xx .x  _ 
and 7xx .x  s e r i e s  a r e  amenable  to  p o s t - c a s t i n g  h e a t  t r e a t m e n t s  to  
im prove p r o p e r t i e s ,  a l th o u g h  some Al-Mg a l l o y s ,  eg Al-10wt%Mg, do 
r e s p o n d  t o  h e a t  t r e a t m e n t .
As w i th  w ro u g h t  a l l o y s ,  t h e  more i m p o r ta n t  h i g h - s t r e n g t h  c a s t  
a l l o y s  a r e  t h o s e  w hich  resp o n d  t o  h e a t  t r e a t m e n t .  S t r e n g t h  i s  in c r e a s e d  
v i a  p r e c i p i t a t i o n  h a r d e n i n g .
1 .2  P r i n c i p l e s  o f  P r e c i p i t a t i o n  H a rd e n in g
1 .2 .1  A ge ing  t r e a tm e n t
The phenomenon of  p r e c i p i t a t i o n  h a r d e n in g  was d i s c o v e r e d  by
A.Wilm in  1906. Wilm was s e a r c h in g  f o r  an  a lum in ium  a l l o y  which cou ld
b e  h a rd e n e d  by q u e n c h in g  from an e l e v a t e d  t e m p e r a tu r e  in  a  s i m i l a r
m anner t o  s t e e l .  I n  one a l l o y ,  c o n t a i n i n g  c o p p e r  and  magnesium ( l a t e r
known a s  ’D u r a lu m in ’ ) ,  i t  was n o t i c e d  t h a t  t h e  h a r d n e s s  o f  th e  quenched
2a l l o y  i n c r e a s e d  w i th  t im e  a t  room t e m p e r a t u r e  . The r e a s o n s  f o r  t h i s
3phenomenon re m a in e d  unknown to  Wilm, b u t  M e n c a  e t  a l  d e m o n s t r a te d ,  
in  1919, t h a t  t h e  s o l i d  s o l u b i l i t y  o f  c o p p e r  in  a lum in ium  d e c re a s e d  
w i th  d e c r e a s i n g  t e m p e r a t u r e .  I t  was p ro p o s e d  t h a t  a g e - o r  p r e c i p i t a t i o n -  
h a r d e n in g  had  a r i s e n  due to  th e  f o l l o w i n g  e f f e c t ;  a t  h ig h  t e m p e ra tu re s  
th e  a l l o y  e x i s t e d  i n  a  homogeneous s o l i d  s o l u t i o n .  A f t e r  " s o l u t i o n  
h e a t - t r e a t m e n t "  and r a p i d l y  c o o l i n g  t o  room t e m p e r a tu r e  by quench ing  
i n t o  w a te r  o r  o t h e r  m ed ia ,  th e  s e p a r a t i o n  o f  th e  0 - p h a s e  was c o n s id e r e d  
to  b e  s u p p r e s s e d ,  and an u n s t a b l e  s u p e r s a t u r a t e d  s o l i d  s o l u t i o n  p ro d u ced .  
M e ric a  e t  a l  s u g g e s t e d  t h a t  h a r d e n in g  r e s u l t e d  from  p r e c i p i t a t i o n  of 
th e  second  p h a se  when th e  quenched  a l l o y  i s  " ag ed "  f o r  a  s u f f i c i e n t  
t im e ,  and t h a t  t h e  p r e c i p i t a t e  was in  t h e  fo rm  o f  a f i n e  " su b m ic ro -  
s c o p ic  d i s p e r s i o n " .
S in c e  t h e s e  p io n e e r in g  d a y s ,  many o t h e r  a l l o y s  h a v e  b e e n  i d e n t i f i e d  
a s  p o t e n t i a l  p r e c i p i t a t i o n  h a rd e n in g  s y s te m s .  The ty p e  o f  p h ase  d iag ram  
m ost commonly a s s o c i a t e d  w i th  such a l l o y s ,  i s  shown i n  F i g u r e  1 .3 .  A 
s u i t a b l e  a l l o y  c o m p o s i t i o n ,  x ,  e x i s t s  a s  a s i n g l e  p h a s e  s o l i d  s o l u t i o n ,  
a ,  a t  an  e l e v a t e d  t e m p e r a tu r e  and c o n t a i n s  a  second  p h a s e ,  3 , a t
4
T a b le  1 . 5
C o m p o s i t io n s  and P r o p e r t i e s  o f  S e l e c t e d  C a s t  Aluminium A l lo y s
( b a l a n c e  a lum in ium ; a l l  c o m p o s i t io n s  i n  wt%)
Aluminium
A s s o c i a t i o n
Number
S i Fe Cu Mn Mg Cr Ni Zn Ti O th e r Temper
T e n s i l e
S t r e n g t h
(MPa)
E l o n g a t i o n
(%)
2 0 1 .0 0 .1 0 0 .1 5 4 . 0 -
5 .2
0 . 2 -
0 .5
0 . 1 5 -
0 .5 5
0 . 1 5 -
0 .3 5
Ag
0 . 4 -
1 .0
T6 415 5 .0
2 1 3 .0 1 . 0 -
3 .0
1 .2 6 . 0 -
8 .0
0 .6 0 .1 0 0 .3 5 2 .5 0 .2 5 T6 295 2 .0
3 1 9 .0 5 . 5 -
6 .5
1 .0 3 . 0 -
4 .0
0 . 5 0 .1 0 0 .3 5 1 .0 0 .2 5 T61 260 0 . 5
3 6 0 .0 9 . 0 -
1 0 .0
2 .0 0 .6 0 .3 5 0 . 4 -
0 .6
0 .5 0 0 .5 0 T6 255I ------
4 1 3 .0 1 1 .0 -
1 3 .0
2 .0 1 .0 0 .3 5 0 .1 0 0 .5 0 0 .5 0 FI 265 2 .0
5 2 0 .0 0 .2 5 0 .3 0 .2 5 0 .1 5 9 . 5 -
1 0 .6
0 .1 5 0 .2 5 TI 320 1 5 .0
7 0 7 .0 0 .2 0 0 .6 0 .2 0 . 4 -
0 .6
1 . 4 -
1 .8
0 . 2 -
0 .4
4 . 0 -
4 . 5
0 .2 5 TI 255 4 .0
T6 = S o l u t i o n  p l u s  a r t i f i c i a l l y  aged  F I  = A s - F a b r i c a t e d
T61 = S o l u t i o n  p l u s  a r t i f i c i a l l y  aged  p l u s  o t h e r  t r e a t m e n t  TI = P a r t i a l  s o l u t i o n  t r e a t e d  p l u s  n a t u r a l  a g e in g
XSolute c o n t e n t (%)
Figure 1.3 Schematic representation of the type of 
phase diagram generally required fo r 
precipitation hardening.
room t e m p e r a t u r e .  On s low  c o o l i n g  th e  8- p h a s e  t e n d s  t o  be p r e c i p i t a t e d  
a s  f a i r l y  l a r g e  a g g lo m e r a t e s ,  m a in ly  a t  g r a i n  b o u n d a r i e s .  Hence , in  
o r d e r  t o  p r e c i p i t a t e  a  f i n e  d i s p e r s i o n ,  t h e  a l l o y  i s  f i r s t  quenched 
from  t h e  h i g h  t e m p e r a t u r e  s i n g l e - p h a s e  r e g i o n .  The a l l o y  i s  now in  
th e  s o l u t i o n  t r e a t e d  c o n d i t i o n ,  and c o n s i s t s  o f  a s u p e r s a t u r a t e d  s o l i d  
s o l u t i o n  o f  t h e  a p h a s e .  H a rd e n in g  i s  p ro d u ced  in  t h e  a l l o y  by a l l o w in g  
th e  s o l u t e ( s )  t o  fo rm  a v e ry  f i n e  d i s p e r s i o n  o f  8 -p h a s e  which th e n  
fo rm s num erous o b s t a c l e s  t o  d i s l o c a t i o n  movement. "A geing"  o f  t h e  
a l l o y  i s  u s u a l l y  c a r r i e d  o u t  a t  ( o r  s l i g h t l y  above) room te m p e ra tu re  
o r ,  i f  t h e  p r e c i p i t a t i o n  r e a c t i o n  th e n  o c c u rs  to o  s lo w ly  a t  t h i s  te m p e ra ­
t u r e ,  by " t e m p e r in g "  t h e  a l l o y  a t  some s l i g h t l y  h i g h e r  t e m p e ra tu re  
(eg  i n  F i g u r e  1 . 3 ) .
In  summary t h e n ,  a  t y p i c a l  p r e c i p i t a t i o n - a g e i n g  t r e a t m e n t  c o n s i s t s
o f :
( i )  s o l u t i o n  t r e a t m e n t  a t  a  r e l a t i v e l y  h ig h  t e m p e r a tu r e  w i t h i n  a  
s i n g l e  p h a s e  r e g i o n  t o  d i s s o l v e  t h e  a l l o y i n g  e le m e n t s .
( i i )  r a p i d  c o o l i n g  o r  q u e n c h in g  t o  o b t a i n  a  s u p e r s a t u r a t e d  s o l i d  
s o l u t i o n  ( s s s s )  o f  t h e s e  e l e m e n t s .
( i i i )  c o n t r o l l e d  d e c o m p o s i t io n  o f  t h e  SSSS t o  form  a f i n e l y  d i s p e r s e d  
p r e c i p i t a t e ,  u s u a l l y  by a g e in g  f o r  s u i t a b l e  t im es  a t  one o r  more 
i n t e r m e d i a t e  t e m p e r a t u r e s .  I t  s h o u ld  be  p o i n t e d  o u t  t h a t  th e  
d e c o m p o s i t io n  o f  a  SSSS i s  u s u a l l y  a  complex p r o c e s s  w hich  may in v o lv e  
s e v e r a l  s t a g e s .  T y p i c a l l y ,  s o l u t e - r i c h  zones and m e t a s t a b l e  p h a se s  
may be form ed b e f o r e  t h e  e q u i l i b r i u m  p h a se  i s  c o m p le te ly  p ro d u ce d .
W ith r e g a r d  t o  t h e  p r o p e r t i e s  o f  an  aged  a l l o y ,  t h e  s i z e  and shape  o f  
t h e  p r e c i p i t a t e  p a r t i c l e s ,  t h e i r  n a t u r e  ( i e  w h e th e r  th e y  a r e  h a rd  o r  
s o f t ) ,  and t h e  ty p e  o f  i n t e r f a c e  b e tw e en  a p r e c i p i t a t e  and i t s  m a t r ix  
w i l l  c l e a r l y  h a v e  a  g r e a t  i n f l u e n c e  on i t s  m e c h a n ic a l  b e h a v io u r .
1 . 2 . 2  M e ta s t a b l e  p h a s e s
The ch an g e  in  f r e e  e n e r g y ,  AG, on f o rm a t io n  o f  a  p h a s e ,  8 , f rom  
th e  s u p e r s a t u r a t e d  p h a s e ,  a ,  may b e  r e p r e s e n t e d  by t h e  e x p r e s s i o n :
AG = -  VAGy + Ay + Ve ( 1 .1 )
w here  AG^ i s  t h e  volume f r e e  e n e r g y ,  V i s  th e  volume o f  t h e  8 p h a s e ,  
y i s  t h e  i n t e r f a c i a l  e n e rg y  b e tw e e n  8 and a ,  A i s  t h e  i n t e r f a c i a l  a r e a  
and e i s  t h e  s t r a i n  e n e rg y  in d u c e d  in  t h e  l a t t i c e  o f  a  by  th e  f o r m a t io n  
of  8. F o r  a  t r a n s i t i o n  p h a s e ,  8 1, AG^ i s ' l e s s  n e g a t i v e  and t h e r e f o r e
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th e  m ost o b v io u s  means th ro u g h  w hich such  a p h a se  can  a c h ie v e  a r a t e  
o f  n u c l e a t i o n  c o m p e t i t i v e  w i th  t h e  e q u i l i b r i u m  p h a s e ,  3 , i s  to  have  a 
s m a l l e r  v a lu e  of y ,  th e  n e t  i n t e r f a c i a l  f r e e  e n e rg y .  T h e r e f o r e ,  
t r a n s i t i o n  o r  m e t a s t a b l e  p h a s e s  c an  o n ly  form  i f  t h e y  a c h ie v e  
e x c e p t i o n a l l y  good l a t t i c e  m a tc h in g  w i th  th e  m a t r i x .
I n  many t e c h n o l o g i c a l l y  i m p o r ta n t  s y s te m s ,  a  t r a n s i t i o n  phase  
fo rm s w hich  i s  c o m p le te ly  c o h e r e n t  w i th  th e  m a t r i x .  A c o h e r e n t  i n t e r ­
f a c e  a r i s e s  when th e  two c r y s t a l s  m atch  p e r f e c t l y  a t  th e  i n t e r f a c e  
p l a n e  so  t h a t  t h e  two l a t t i c e s  a r e  c o n t in u o u s  a c r o s s  th e  i n t e r f a c e ,  
F i g u r e  1 .4 a .  T h is  can  o n ly  be a c h ie v e d  i f ,  d i s r e g a r d i n g  c hem ica l  
s p e c i e s ,  t h e  i n t e r f a c i a l  p la n e  h a s  t h e  same a to m ic  c o n f i g u r a t i o n  in  
b o th  p h a s e s ,  w hich  r e q u i r e s  th e  two c r y s t a l s  to  be o r i e n t e d  r e l a t i v e  
to  e ach  o t h e r  in  a  s p e c i a l  way. However, i t  i s  p o s s i b l e  t o  r e t a i n  a 
c o h e r e n t  i n t e r f a c e  i f  t h i s  d i s t a n c e  i s  n o t  i d e n t i c a l  by s t r a i n i n g  o n e ,  
o r  b o t h ,  o f  t h e  two l a t t i c e s ,  a s  i l l u s t r a t e d  in  F i g u r e  1 .4 b .  Such 
l a t t i c e  d i s t o r t i o n s  a r e  known a s  c o h e re n c y  s t r a i n s ^ .  Such i n t e r f a c e s  
h av e  v e r y  low i n t e r f a c i a l  e n e r g i e s .
As a g e in g  c o n t i n u e s ,  t h e s e  c o h e r e n t  p a r t i c l e s  grow i n  s i z e  and 
te n d  t o  in d u c e  more s t r a i n  in  t h e  m a t r i x ,  t h u s  i n c r e a s i n g  th e  s t r a i n  
e n e rg y  t e r m ,  e ,  i n  e q u a t io n  ( 1 .1 )  and r e d u c in g  th e  e f f e c t i v e  d r i v i n g  
f o r c e  f o r  t h e  t r a n s f o r m a t i o n .  T h e r e f o r e ,  a f u r t h e r  t r a n s i t i o n  phase  
may be  form ed w hich h a s  a  s e m i - c o h e r e n t  i n t e r f a c e  w i th  th e  m a t r ix .  A 
s e m i - c o h e r e n t  i n t e r f a c e  may be  d e f i n e d  a s  one in  w hich  th e  r e g io n s  o f  
m i s f i t  h a v e  t h e  c h a r a c t e r i s t i c s  o f  d i s l o c a t i o n s  l y i n g  in  th e  i n t e r f a c e ,  
F ig u r e  1 .5 .  The d i s r e g i s t r y  b e tw e en  th e  two i n t e r f a c e s  i s  p e r i o d i c a l l y  
taken* up by " m i s f i t "  d i s l o c a t i o n s .  The d i s r e g i s t r y ,  o r  m i s f i t ,  6, 
be tw een  t h e  two IlaFtadbces i s  d e f i n e d  b y :
a a
where a and  a Q a r e  th e  l a t t i c e  p a r a m e te r s  o f  u n s t r e s s e d  a and 3 
9  p
r e s p e c t i v e l y .  Such an i n t e r f a c e  h a s  a  h i g h e r  i n t e r f a c i a l  en e rg y  th a n  
a  c o h e r e n t  i n t e r f a c e  b u t  th e  a s s o c i a t e d  s t r a i n  e n e rg y  i s  much l e s s ,  
and t h e r e f o r e  i t s  f o r m a t io n  may be  p r e f e r r e d  t o  c o n t i n u e d  grow th  o f  
t h e  c o h e r e n t  p h a s e .
A l t e r n a t i v e l y ,  a p r e c i p i t a t e  w i th  an i n c o h e r e n t  i n t e r f a c e  may be  
p r e f e r r e d .  An in c o h e r e n t  i n t e r f a c e  i s  d e f in e d  a s  h a v in g  a v e ry  
d i f f e r e n t  a to m ic  c o n f i g u r a t i o n  in  t h e  two a d j o i n i n g  p h a s e s  such t h a t
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F ig u re  1 .4  Atomic a r r a n g e m e n t  a t  c o h e re n t  i n t e r f a c e s  ( s c h e m a t ic ) ;
(a)  s t r a i n - f r e e  i n t e r f a c e  , (b) s l i g h t  mismatch in  
a d j o i n i n g  l a t t i c e s  .
~A a 3 h -
F ig u re  1 .5  A s e m i - c o h e r e n t  i n t e r f a c e .
F ig u re  1 .6  An i n c o h e r e n t  i n t e r f a c e .
t h e r e  i s  no p o s s i b i l i t y  o f  good m a tc h in g  a c r o s s  th e  i n t e r f a c e .  The
p a t t e r n  o f  atoms may be v e r y  d i f f e r e n t  i n  th e  two p h a s e s  o r ,  i f  i t  i s
4s i m i l a r ,  th e  i n t e r a t o m i c  d i s t a n c e s  may d i f f e r  by more th a n  25% . An 
i n c o h e r e n t  i n t e r f a c e  i s  i l l u s t r a t e d  in  F i g u r e  1 .6 .  G e n e r a l l y ,  such  
i n t e r f a c e s  r e s u l t  when two r a n d o m l y - o r i e n t e d  c r y s t a l s  a r e  j o in e d  
a c r o s s  t h e  i n t e r f a c e .  H ow ever, th e y  may a l s o  e x i s t  be tw een  two c r y s t a l s  
w i t h  an  o r i e n t a t i o n  r e l a t i o n s h i p  i f  t h e  i n t e r f a c e  h a s  a d i f f e r e n t  
s t r u c t u r e  in  th e  two c r y s t a l s .  An i n c o h e r e n t  i n t e r f a c e  g e n e r a l l y  h a s  
a  h i g h e r  i n t e r f a c i a l  e n e rg y  t h a n  e i t h e r  a  c o h e r e n t  o r  s e m i - c o h e r e n t  
i n t e r f a c e .  However, in c o h e r e n c y  i s  t h e  s i t u a t i o n  where th e  s t r a i n  
e n e rg y  i s  a  minimum, and c o n t i n u e d  a g e in g  w i l l  u s u a l l y  r e s u l t  i n  c o m p le te  
t r a n s f o r m a t i o n  to  an i n c o h e r e n t  p h a s e .  Such a phase  i s  known a s  t h e  
e q u i l i b r i u m  p h a s e .
T hus ,  i t  i s  p o s s i b l e  t o  r e p r e s e n t  a  t y p i c a l  a g e in g  sequence  b y :
SSSS *> GP zones -* i n t e r m e d i a t e  p r e c i p i t a t e  -+ e q u i l i b r i u m  p r e c i p i t a t e
The zones  which form  a r e  e s s e n t i a l l y  s o l u t e - r i c h  c l u s t e r s  c o n ta i n e d  
w i t h i n  t h e  s o lv e n t  l a t t i c e ,  and  a r e  now term ed  G u i n i e r - P r e s t o n  (GP) 
zones  a f t e r  in d e p e n d e n t  o b s e r v a t i o n s  o f  s o l u t e  c l u s t e r i n g  in  a lu m in iu m -  
c o p p e r  a l l o y s  by G u in ie r ^  and  P r e s t o n ^ .  These  GP zones a r e  o r d e r e d  
and may be  o n ly  one o r  two a tom  p l a n e s  i n  t h i c k n e s s .  They r e t a i n  t h e  
s t r u c t u r e  of  th e  m a t r ix  and  a r e  c o h e r e n t  w i th  i t ,  a l t h o u g h  th e y  u s u a l l y  
p ro d u c e  a p p r e c i a b l e  e l a s t i c  s t r a i n s  w i t h i n  t h e  m a t r i x .  As th e s e  z o n e s  
fo rm  th e  a l l o y  u s u a l l y  becomes h a r d e r ,  c h i e f l y  as  a  r e s u l t  of  th e  
p r e s e n c e  of co h e re n c y  s t r a i n s .
The i n t e r m e d ia t e  p r e c i p i t a t e  i s  n o r m a l ly  much l a r g e r  in  s i z e  t h a n  
a GP zone and i s  o n ly  p a r t l y  c o h e r e n t  w i th  t h e  l a t t i c e  p l a n e s  o f  t h e  
m a t r i x .  I t  h a s  a d e f i n i t e  c o m p o s i t i o n  and c r y s t a l  s t r u c t u r e  w hich  may 
d i f f e r  o n ly  s l i g h t l y  from  t h o s e  o f  t h e  e q u i l i b r i u m  p r e c i p i t a t e .
The f i n a l  e q u i l i b r i u m  p h a s e  fo rm s a t  r e l a t i v e l y  h ig h  a g e in g  
t e m p e r a t u r e s  a n d /o r  lo n g  t im e s  a t  lo w e r  a g e in g  t e m p e r a t u r e s .  I t s  
f o r m a t i o n  in v o lv e s  c o m p le te  l o s s  o f  c o h e re n c y  w i th  t h e  p a r e n t  l a t t i c e  
a n d ,  b e c a u s e  i t  i s  c o a r s e l y  d i s p e r s e d ,  l i t t l e  h a rd e n in g  r e s u l t s  f ro m  
i t s  f o r m a t i o n .  The maximum p r e c i p i t a t i o n  h a rd e n in g  e f f e c t  u s u a l l y  
o c c u r s  when t h e r e  i s  a  c r i t i c a l  d i s p e r s i o n  a n d /o r  i n t e r m e d i a t e  
p r e c i p i t a t e  p r e s e n t .
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1 .3  N u c l e a t io n  and Growth o f  P r e c i p i t a t e s
The p r e c i p i t a t i o n - a g e i n g  p r o c e s s  may be  c o n s id e r e d  as  o c c u r r i n g  
in  t h r e e  s t a g e s :
( i )  n u c l e a t i o n  o f  t h e  new p h a s e ,
( i i )  g row th  o f  th e  p r e c i p i t a t e s ,
( i i i )  c o a r s e n in g  o f  t h e  p r e c i p i t a t e  w i t h o u t  change  i n  i t s  volume f r a c t i o n .
I n  t h e  e a r l y  s t a g e s  o f  d e c o m p o s i t io n ,  n u c l e i  a r e  random ly  fo rm ed ,  
some o f  w hich b e g in  t o  grow due to  l o c a l  movement o f  s o l u t e  a tom s and 
r e a c h  a c r i t i c a l  s i z e .  The n u c l e a t i o n  s t a g e  i s  im p o r ta n t  i n  t h a t  i t  
g e n e r a l l y  d e te r m in e s  t h e  shape  and h a b i t  p l a n e  o f  t h e  f i n a l  p r e c i p i ­
t a t e .  The f o r m a t io n  o f  n u c l e i  may be d i v i d e d  i n t o  homogeneous and 
h e te r o g e n e o u s  n u c l e a t i o n .
1 .3 .1  Homogeneous n u c l e a t i o n
Homogeneous n u c l e a t i o n  in  s o l i d s  o c c u r s  w i t h o u t  b e n e f i t  o f  p r e ­
e x i s t i n g  h e t e r o g e n e i t i e s ,  such  a s  d i s l o c a t i o n s ,  s t a c k i n g  f a u l t s  e t c .
The c l a s s i c a l  therm odynam ica l  t r e a tm e n t  o f  Volmer and Weber^ and 
8B eck e r  and D oring  , a l t h o u g h  c o n c e rn e d  w i th  v a p o u r  t o  l i q u i d  and v ap o u r  
t o  s o l i d  t r a n s f o r m a t i o n s ,  may be  a p p l i e d  t o  n u c l e a t i o n  in  s o l i d s  a s  
f o l l o w s .
C o n s id e r  t h e  homogeneous n u c l e a t i o n  o f  an embryo o f  a  p h a s e  3 
from  th e  s u p e r s a t u r a t e d  p h a se  a .  The change  in  f r e e  e n e rg y ,  AG, i s  
r e l a t e d  t o  t h e  sum o f  c h a n g e s  i n  volume f r e e  e n e rg y ,  AG^, and t h e  
i n t e r f a c i a l  e n e rg y ,  y ,  r e q u i r e d  t o  form  t h e  new s u r f a c e  (See s e c t i o n  
1 . 2 . 2 ) .  When a new p h a se  i s  fo rm ed  in  t h e  s o l i d  t h e r e  w i l l  be  s t r a i n  
in d u c e d  in  th e  l a t t i c e  o f  t h e  p a r e n t  p h a s e .  T hus , a  s t r a i n  e n e rg y  
te rm ,  e ,  m ust  be i n t r o d u c e d ,  and s in c e  t h e  c r e a t i o n  o f  a  vo lum e, V, o f  
8 w i l l  c a u s e  a change in  t h e  volume f r e e  e n e r g y ,  t h e  o v e r a l l  e q u a t i o n  
f o r  t h e  change  in  f r e e  e n e rg y  becom es:
w here V i s  t h e  volume o f  B and A i s  t h e  i n t e r f a c i a l  a r e a .  I g n o r i n g  
th e  v a r i a t i o n  o f  y w i th  i n t e r f a c e  o r i e n t a t i o n  and assum ing  t h e  n u c le u s  
i s  s p h e r i c a l ,  e q u a t io n  1.1 becom es:
AG -  VAGy + Ay + Vc ( 1 . 1 )
AG ( 1 .3 )
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The v a r i a t i o n  o f  AG a s  a f u n c t i o n  o f  r  i s  shown i n  F i g u r e  1 .7 .
S i m i l a r  c u rv e s  would be  o b t a in e d  f o r  any n u c le u s  shape  a s  a  f u n c t i o n
. . 4 .o f  i t s  s i z e  . I t  s h o u ld  be n o t e d  t h a t  t h e  e f f e c t  o f  t h e  s t r a i n  ene rgy
te rm  i s  to  r e d u c e  t h e  e f f e c t i v e  d r i v i n g  f o r c e  o f  t h e  t r a n s f o r m a t i o n .  
D i f f e r e n t i a t i o n  o f  e q u a t i o n  1 .3  can  g iv e  i n f o r m a t io n  on th e  c r i t i c a l  
f r e e  e n e rg y  f o r  n u c l e a t i o n ,  AG*, and  th e  c r i t i c a l  r a d i u s  f o r  
c o n t in u e d  grow th  o f  an  embryo, v i z  ( s p h e r i c a l  n u c l e i )
■ *  s
2y ( 1 .4 )
(AG„ -  e )
and
AG* = ------—^ — _  0 . 5 )
3(AGy  -  z )
F o r  r  < r *  t h e  sy s tem  can  lo w e r  i t s  f r e e  e n e rg y  by d i s s o l u t i o n  
o f  t h e  3 p h a s e ,  w h e re a s  when r  > r *  t h e  f r e e  e n e rg y  i s  r e d u c e d  i f  th e  
n u c l e i  grow. U n s t a b l e  s o l i d  p a r t i c l e s  w i th  r  < r *  a r e  known a s  c l u s t e r s  
o r  embryos w h i le  s t a b l e  p a r t i c l e s  w i th  r  > r *  a r e  r e f e r r e d  t o  a s  
n u c l e i .
A s t e a d y - s t a t e  n u c l e a t i o n  r a t e ,  N^, may be d e f i n e d  a s  t h e  number
of  s t a b l e  n u c l e i  p ro d u c e d  in  u n i t  t im e  in  u n i t  volume o f  u n t r a n s f o r m e d
9s o l i d .  A cco rd ing  t o  M a r t in  and D o h e r ty  :
« e x p ( -  AG*/ikT) ( 1 .6 )
The r a t e  a t  which i n d i v i d u a l  n u c l e i  grow w i l l  be  d e p e n d en t  a l s o  on
th e  f re q u e n c y  w i th  w hich  atom s a d j a c e n t  t o  th e  n u c le u s  can  j o i n ,  and
t h i s  i s  p r o p o r t i o n a l  t o  e x p ( -  AG ^kT) , w here  AG  ^ i s  th e  f r e e  e n e rg y  of
a c t i v a t i o n  f o r  d i f f u s i o n .  A s i m p l i f i e d  e x p r e s s i o n  f o r  th e  r a t e  o f
9
n u c l e a t i o n  o f  a  p r e c i p i t a t e  i s :
-  { [2 y 3/(AG„ -  e) 2] + AG }
N = K exp -----------------------------------------------  ( 1 .7 )
V kT
w here  Z i s  a g e o m e t r i c a l  f a c t o r  and  K a n o t h e r  c o n s t a n t .
One of th e  few  e q u i l i b r i u m  sy s te m s  w hich  decompose by homogeneous 
n u c l e a t i o n  i s  t h a t  o f  c o p p e r - c o b a l t  a l l o y s .  S e r v i  and T u r n b u l l  have  
s t u d i e d  th e  p r e c i p i t a t i o n  o f  t h e  f e e  c o b a l t  f rom  th e  f e e  c o p p e r - c o b a l t  
a l l o y s  and found  q u a n t i t a t i v e  ag re e m e n t  be tw een  t h e o r y  and e x p e r im e n t .
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Figure 1.7 The variation of AG with radius,r,for 
homogeneous nucleus.
1 .3 .2  H e te ro g e n e o u s  N u c le a t io n
H e te ro g e n e o u s  n u c l e a t i o n  i s  t e c h n o l o g i c a l l y  more i m p o r t a n t  in
t h a t  n u c l e a t i o n  i n  s o l i d s ,  a s  in  l i q u i d s ,  i s  a lm o s t  a lw ay s  h e t e r o g e n e o u s .
S t r u c t u r a l  d e f e c t s  such  a s  d i s l o c a t i o n s  o r  g r a i n  b o u n d a r i e s  r e p r e s e n t
9l a t t i c e  r e g i o n s  o f  h i g h e r  th an  a v e ra g e  f r e e  energy  and when a 
n u c le u s  fo rm s t h e r e  t h i s  e n e rg y  i s  a v a i l a b l e  to  d r iv e  t h e  r e a c t i o n .
O th e r  s u i t a b l e  n u c l e a t i o n  s i t e s  a r e  s t a c k i n g  f a u l t s ,  i n c l u s i o n s  and 
s u r f a c e s .
I f  t h e  c r e a t i o n  o f  a  n u c le u s  r e s u l t s  in  t h e  d e s t r u c t i o n  o f  a 
d e f e c t ,  t h e  f r e e  e n e rg y  r e l e a s e d ,  AG^, w i l l  re d u c e  th e  a c t i v a t i o n  en e rg y  
b a r r i e r .  The o v e r a l l  e q u a t io n  f o r  t h e  f r e e  en e rg y  change  a s s o c i a t e d  
w i th  n u c l e a t i o n  a t  h e t e r o g e n e i t i e s  i s  t h e n :
C o n s id e r in g  t h e  c a s e  of n u c l e a t i o n  on a d i s l o c a t i o n ,  i n  a  s u p e r ­
s a t u r a t e d  a l l o y  t h e  a c t i v a t i o n  e n e rg y  f o r  p r e c i p i t a t i o n  i s  s m a l l e r  a t  
a d i s l o c a t i o n  s i n c e  t h e  l a t t i c e  m i s f i t  o f  t h e  p r e c i p i t a t e  c a n  be p a r t l y  
o r  w h o l ly  accommodated by th e  d i s l o c a t i o n .  C a h n ^  h a s  t r e a t e d  t h i s  
p rob lem  f o r  a c y l i n d r i c a l  i n c o h e r e n t  p r e c i p i t a t e  l y in g  a lo n g  a 
d i s l o c a t i o n  by a ssu m in g  t h a t  t h e  e f f e c t  o f  n u c l e a t i o n  on a  d i s l o c a t i o n  
i s  t o  r e v e r s e  t h e  v a l u e  o f  t h e  s t r a i n  e n e rg y  te rm , e ,  i n  e q u a t i o n  ( 1 . 8 ) .  
The r e s u l t  i s  shown s c h e m a t i c a l l y  i n  F i g u r e  1 .8  f o r  d i f f e r e n t  d e g re e s  
of  s u p e r s a t u r a t i o n  (A < B ) . The minimum in  c u rv e  A c o r r e s p o n d s  t o
a d i s l o c a t i o n  s u r r o u n d e d  by  a C o t t r e l l  a tm o s p h e re ,  and t h i s  s t a t e  h a s
12been  c a l l e d  a " p re fo rm e d  n u c l e u s "  by D e h l in g e r  . At h i g h e r  s u p e r ­
s a t u r a t i o n s  ( c u r v e  B) t h e r e  i s  no  n u c l e a t i o n  b a r r i e r  t o  a  d i f f u s i o n l e s s  
p h a se  t r a n s f o r m a t i o n ,  b u t  i f  t h e  r e a c t i o n  in v o lv e s  c o m p o s i t i o n a l  
c h a n g e s ,  th e  r a t e  o f  p r e c i p i t a t i o n  w i l l  be  governed  o n ly  by d i f f u s i o n .  
Cahn a l s o  showed t h a t ,  w here  a n u c l e a t i o n  b a r r i e r  s t i l l  e x i s t s ,  t h e  
r a t i o  o f  t h e  a c t i v a t i o n  e n e rg y ,  Q, f o r  d i s l o c a t i o n  a id e d  t o  homogeneous 
n u c l e a t i o n  v a r i e s  su ch  t h a t  ( f o r  an  edge  d i s l o c a t i o n )  :
AGV. I- = "  V<AGU -  e )  + Ay -  AGh e t  V d ( 1 . 8)
where AG^, e ,  and  y h av e  th e  same m ean ings  a s  in  e q u a t i o n  ( 1 . 1 ) .
^ d i s l o c a t i o n
^homogeneous
f ( 1 .9 )
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Figure 1.8 Schematic variation of AG with ra d iu s x fo r 
heterogeneous nucleation on a dislocation, 
(from Kelly and N i c h o l s o n )
where b i s  th e  B u rg e rs  v e c t o r  o f  th e  d i s l o c a t i o n ,  y i s  th e  s u r f a c e
e n e rg y  o f  t h e  p r e c i p i t a t e - m a t r i x  i n t e r f a c e  and v i s  P o i s s o n ’ s r a t i o .
T h is  i s  p l o t t e d  in  F i g u r e  1 .9 ,  w here  a r e p r e s e n t s  th e  r i g h t  hand s id e
o f  e q u a t io n  ( 1 . 9 ) .  T h is  p l o t  i n d i c a t e s  t h a t  p r e c i p i t a t i o n  on
d i s l o c a t i o n s  becomes more im p o r ta n t  w i th  i n c r e a s i n g  B u rg e rs  v e c t o r  of
th e  d i s l o c a t i o n  and w i th  i n c r e a s i n g  s u p e r s a t u r a t i o n  Cie l a r g e r  k G ^ ) .
When a = 1 , Q , .  , . becom es z e ro  and t h e r e  i s  no n u c l e a t i o nd i s l o c a t i o n
b a r r i e r  t o  p r e c i p i t a t i o n  on d i s l o c a t i o n s .
Some o f  t h e  p r e d i c t i o n s  o f  C ahn’ s th e o r y  have  b e e n  v e r i f i e d
e x p e r i m e n t a l l y ;  f o r  ex am p le ,  p r e c i p i t a t i o n  on d i s l o c a t i o n s  i n c r e a s e s
13w i th  a l l o y  c o n t e n t  i n  Al-Zn-Mg a l l o y s  . However, t h e  Cahn model i s
to o  s i m p l i f i e d  t o  a c c o u n t  f o r  t h e  o b s e r v a t i o n s  t h a t  p r e c i p i t a t i o n
on d i s l o c a t i o n s  i s  g r e a t e r  a t  h i g h e r  a g e in g  t e m p e r a tu r e s  and low er  
13 14s u p e r s a t u r a t i o n s  * . The r e a s o n  i s  t h a t  th e  grow th  o f  p r e c i p i t a t e s
m ust be  c o n s id e r e d  a s  w e l l  a s  t h e i r  n u c l e a t i o n .  At low  s u p e r s a t u r a t i o n s ,  
p r e c i p i t a t e s  n u c l e a t e d  on d i s l o c a t i o n s  grow r a p i d l y  d raw in g  s o l u t e  
from  a d j a c e n t  r e g i o n s  b e f o r e  hom ogeneous n u c l e a t i o n  s t a r t s .  T h e r e f o r e ,  
p r e c i p i t a t e s  on d i s l o c a t i o n s  w i l l  be  l a r g e r  th an  th e  m a t r i x  
p r e c i p i t a t e s  and w i l l  s u r ro u n d e d  by p r e c i p i t a t e - f r e e  z o n e s .  At h ig h  
s u p e r s a t u r a t i o n s ,  n u c l e a t i o n  on d i s l o c a t i o n s  may be  even  more 
f a v o u r a b l e ,  b u t  homogeneous n u c l e a t i o n  i s  now so c o p io u s  t h a t  t h e r e  
i s  no  ch a n ce  f o r  h e t e r o g e n e o u s l y  n u c l e a t e d  p r e c i p i t a t e s  t o  grow l a r g e r  
th a n  a v e r a g e .  K e l ly  and N i c h o l s o n ^  t h e r e f o r e  s u g g e s te d  t h a t  th e  
i n f l u e n c e  o f  d i s l o c a t i o n s  i s  g r e a t e s t  a t  m odera te  s u p e r s a t u r a t i o n s .
Cahn’ s t h e o r y  assum es t h a t  p r e c i p i t a t e s  a r e  a lw ay s  o f  th e  same 
ty p e  b u t  t h i s  i s  f r e q u e n t l y  n o t  t h e  c a s e  i n  a l l o y s  w here  t h e r e  i s  a 
seq u en ce  o f  p r e c i p i t a t e s .  D i s l o c a t i o n s  do n o t  a p p e a r  to  a i d  n u c l e a t i o n  
o f  c o h e r e n t  p r e c i p i t a t e s ^  a n d ,  t y p i c a l l y ,  th e  m i c r o s t r u c t u r e ,  i n  such 
a l l o y s  c o n s i s t s  o f  GP zones  i n  t h e  m a t r i x  and an i n t e r m e d i a t e  p r e c i p i t a t e  
on th e  d i s l o c a t i o n s .  I n  such  a c a s e  t h e  p r e c i p i t a t e s  on d i s l o c a t i o n s  
w i l l  t e n d  t o  grow a t  t h e  e x p e n se  o f  t h e  m a t r ix  p r e c i p i t a t e s .
N u c l e a t io n  on s t a c k i n g  f a u l t s  may a l s o  be o f  im p o r ta n c e  in  
p r e c i p i t a t i o n  h a r d e n i n g  s y s te m s .  Suzuki^  h a s  p o i n t e d  o u t  t h a t  th e  
e q u i l i b r i u m  c o n c e n t r a t i o n  o f  s o l u t e  a t  a  s t a c k in g  f a u l t  i s  d i f f e r e n t  
from  t h a t  in  t h e  m a t r i x  due t o  t h e  change  i n  c r y s t a l  s t r u c t u r e .  S o lu te  
s e g r e g a t i o n  a t  a  s t a c k i n g  f a u l t  c a n  l e a d  to  p r e c i p i t a t i o n  i f  t h e  c r y s t a l  
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Figure 1.9 Variation in the ratio  ot activation energies fo r 
heterogeneous and homogeneous nucleation of a 
precipitate as a function of the parameter c*
On th e  o t h e r  hand a new p r e c i p i t a t e  s t r u c t u r e  may be s t a b l e  a t  a 
s t a c k i n g  f a u l t  a l t h o u g h  i t  c a n n o t  be  n u c l e a t e d  i n  th e  m a t r i x .  
H e i d e n r e i c h ^ , w ork ing  on deform ed  Pb-Ag a l l o y s ,  was t h e  f i r s t  to  
o b s e rv e  p r e c i p i t a t i o n  on s t a c k i n g  f a u l t s .  In  t h e s e  a l l o y s  th e  
e q u i l i b r i u m  p r e c i p i t a t e  i s  f e e ,  b u t  x - r a y  d i f f r a c t i o n  was u se d  to  
shown an  anom olous cph p h a se  was form ed when th e  deform ed  m a t e r i a l  
was a g e d .  H e id e n r e ic h  s u g g e s te d  t h a t  t h e  t h i n  l a y e r  o f  cph  s t r u c t u r e  
p r e s e n t  a t  n a r ro w  s t a c k i n g  f a u l t s  i n  t h e  f e e  Pb m a t r ix  was th e  n u c l e a ­
t i o n  s i t e  f o r  t h e  h e x a g o n a l  p r e c i p i t a t e .  N u c le a t io n  a t  s t a c k i n g  f a u l t s
18h a s  a l s o  b e e n  o b s e rv e d  in  Al-Ag a l l o y s
1 . 3 . 3  Growth o f  p r e c i p i t a t e s
W hether  p r e c i p i t a t i o n  o c c u r s  by homogeneous o r  h e te r o g e n e o u s  
n u c l e a t i o n ,  c o n t in u e d  " a g e in g "  r e s u l t s  i n  th e  g row th  o f  t h e  p r e c i p i t a t e s .  
The s u c c e s s f u l  c r i t i c a l  n u c l e i  a r e  t h o s e  w i th  t h e  s m a l l e s t  n u c l e a t i o n  
b a r r i e r ,  a s  d e s c r i b e d  e a r l i e r .  I n  th e  a b sen c e  o f  s t r a i n  e n e rg y  e f f e c t s  
t h e  p r e c i p i t a t e  shape  s a t i s f y i n g  t h i s  c r i t e r i o n  i s  t h a t  which 
m in im iz e s  t h e  t o t a l  i n t e r f a c i a l  e n e r g y ,  y .  Thus, n u c l e i  w i l l  u s u a l l y
b e  bounded by a c o m b in a t io n  o f  c o h e r e n t  o r  s e m i -c o h e re n t  f a c e t s  and
4 . . .sm oo th ly  c u rv e d  i n t e r f a c e s  . The g row th  o f  p r e c i p i t a t e s  w i l l  depend
on many f a c t o r s ,  b u t  in  sy s tem s  such  a s  p r e c i p i t a t i o n  h a r d e n in g  a l l o y s
g row th  i s  d e p e n d e n t  on d i f f u s i o n  o f  s o l u t e  to  th e  p r e c i p i t a t e  f o r
c o n t in u e d  g ro w th .  The s u b j e c t  o f  p h a s e  t r a n s f o r m a t i o n s  i n  m e ta l  s y s te m s ,
19i n c l u d i n g  d i f f u s i o n a l  g row th  p r o c e s s e s ,  h a s  been  re v ie w e d  by C h r i s t i a n
20and i s  c o v e re d  in  many s t a n d a r d  t e s t  books ( s e e ,  f o r  exam ple ,  Burke ) .
T h e re  i s  c o n s e n s u s  t h a t  a n a l y s i s  o f  grow th r a t e s  i s  a  complex 
p ro b le m , t h e  u s u a l  p r a c t i c e  b e in g  t o  assum e t h a t  th e  r a t e  o f  g row th  i s  
d e te rm in e d  by  one o r  p o s s i b l y  two f a c t o r s .  The d i f f u s i o n a l  g row th  o f  
a  p h ase  i n  a  two-com ponent s y s te m ,  such  a s  th e  g row th  o f  p r e c i p i t a t e s  
from  s u p e r s a t u r a t e d  s o l i d  s o l u t i o n s ,  i s  c o n s id e r e d  t o  be  t h e  r e s u l t  o f  
t r a n s f e r  o f  a tom s a c r o s s  an i n t e r f a c e  and th e  r e d i s t r i b u t i o n  o f  t h e  
s o l u t e  s i n c e  th e  g row ing  p h a se  u s u a l l y  h a s  a d i f f e r e n t  c o m p o s i t io n  
from  t h e  p a r e n t  p h a s e .  The r a t e  o f  g row th  in  such c a s e s  depends  upon 
t h e  r a t e  a t  w hich atom s a r e  b r o u g h t  t o ,  o r  removed f ro m , t h e  i n t e r f a c e  
by  d i f f u s i o n  and th e  r a t e  a t  w h ich  th e y  c r o s s  t h e  i n t e r f a c e .  T hus ,  we 
may c o n s i d e r  t h e s e  two l i m i t i n g  c a s e s ,  i e  grow th  l i m i t e d  by d i f f u s i o n  
and g ro w th  l i m i t e d  by th e  i n t e r f a c e  r e a c t i o n .
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1 .3 .3 .1  I n t e r f a c e - c o n t r o l l e d  g row th
The i n t e r f a c e  r e a c t i o n  c o n t r o l s  th e  p r o c e s s  d u r in g  th e  e a r l y
s t a g e s  o f  g ro w th  s i n c e  t h e r e  i s  a  l i m i t e d  a r e a  o f  i n t e r f a c e  and th e
20d i s t a n c e  o v e r  w hich  d i f f u s i o n  i s  n e c e s s a r y  t e n d s  t o  z e r o .  Burke h a s  
c o n s id e r e d  t h i s  c a s e  w here t h e  d i f f u s i o n  o f  t h e  s o l u t e  i s  v e ry  much 
f a s t e r  th a n  t r a n s f e r  o f  atoms a c r o s s  th e  i n t e r f a c e .  He assumed t h a t  
th e  c o m p o s i t i o n  o f  t h e  s o l u t i o n  rem ained  u n i fo r m  th r o u g h o u t  and 
d e r i v e d  th e  f o l l o w i n g  g row th  r a t e  e q u a t io n  f o r  i n t e r f a c e - c o n t r o l l e d  
g r o w th :
¥
R ( t )  ~ o [ (CI ~ CE ) ( 1 - y ) ] ( 1 .1 0 )
where ¥ i s  a  c o n s t a n t ,  C0 i s  t h e  s o l u t e  c o n c e n t r a t i o n  i n  t h eo * 3
p r e c i p i t a t e ,  i s  t h e  s o l u t e  c o n c e n t r a t i o n  i n  th e  s o l u t i o n  i n  e q u i l i ­
b r iu m  w i t h  t h e  p r e c i p i t a t e ,  C^ . i s  t h e  i n i t i a l  c o n c e n t r a t i o n  i n  th e  
s o l u t i o n ,  and y i s  t h e  f r a c t i o n  o f  s o l u t e  a c t u a l l y  p r e c i p i t a t e d  a t  
t i m e , t .  E q u a t io n  1 .10  p r e d i c t s  t h a t  th e  r a t e  o f  g ro w th  d e c r e a s e s  
c o n t i n u o u s l y  d u r in g  p r e c i p i t a t i o n .  At s m a l l  t im e s  when (1 -y )  = 1 t h e  
r a t e  o f  g ro w th  i s  c o n s t a n t  w h i l s t  a t  l a t e r  s t a g e s  t h e  g row th  r a t e  
d e c r e a s e s .  The c o m p le te  s o l u t i o n  o f  e q u a t i o n  1 .1 0 ,  ho w ev er ,  can  o n ly  
be d e r i v e d  i n  te rm s  of  th e  o v e r a l l  k i n e t i c s  o f  n u c l e a t i o n  and g ro w th .
Growth i n  sy s tem s  w here t h e r e  i s  good a to m ic  f i t  b e tw een  th e
m a t r ix  and p r e c i p i t a t e  i s  now c o n s id e r e d  t o  p r o c e e d  by a l e d g e
m echanism . F o r  e x am p le ,  c o n s i d e r  t h e  g row th  o f  a  p l a t e - l i k e  p r e c i p i -
21 22t a t e ,  F i g u r e  1 . 1 0 ( a ) .  A aronson  and c o -w o rk e rs  * h av e  s u g g e s te d  
t h a t  t h e  g o o d - f i t  i n t e r f a c e  i s  much l e s s  m o b i le  th a n  t h e  r im ,  so t h a t  
th e  p r e c i p i t a t e  t h i c k e n s  more s lo w ly  th a n  by d i f f u s i o n  c o n t r o l .  The 
l e s s - m o b i l e  i n t e r f a c e  i s  shown i n  F ig u re  1 . 1 0 ( a ) .  The t h i c k e n i n g  o f  
t h i s  p l a t e - l i k e  p r e c i p i t a t e  i s  th e n  a  p r o c e s s  o f  l a t e r a l  movement o f  
l i n e a r  l e d g e s  o f  c o n s t a n t  s p a c i n g ,  A, and h e i g h t ,  h ,  F i g u r e  1 . 1 0 ( b ) .  
The h a l f - t h i c k n e s s  o f  t h e  p l a t e  s h o u ld  i n c r e a s e  a t  a  r a t e  g iv e n  by
v  = w here  u i s  th e  r a t e  o f  l a t e r a l  m i g r a t i o n ^ .  L a i r d  and 
23A aronson  , i n  s t u d i e s  on t h e  t h i c k e n i n g  o f  y - p h a s e  p l a t e s  i n  an  
Al-Ag a l l o y  aged  a t  400°C, F ig u r e  1 .1 1 ,  i n d i c a t e  t h a t  t h e  n u c l e a t i o n  
of l e d g e s  i s  t h e  r a t e - c o n t r o l l i n g  f a c t o r  s i n c e  t h e  t h i c k e n i n g  r a t e  
i s  n o t  c o n s t a n t .  S i m i l a r l y ,  t h e  f a c t  t h a t  t h e r e  i s  no p e r c e p t i b l e  
i n c r e a s e  i n  t h i c k n e s s  e x c e p t  when l e d g e s  p a s s  i s  s t r o n g  e v id e n c e  









ht ----- - u
X
(b)
Figure 1.10 Growth of a plate-like precipitate
(a) semi-coherent (slow) and incoherent (fast) 
interfaces.
(b) thickening by the ledge mechanism.
[from Porter and Easterling
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Figure  1.11 Thickening  o f  X p l a t e s  i n  an Al-Ag a l l o y  (from Lai rd  and 
Aaronson [ 2 3 ] ) .
p r e c i p i t a t e s  i n  o t h e r  sy s te m s  s u g g e s t  t h a t  even  w i t h i n  th e  same sys tem
th e  t h i c k n e s s / t i m e  r e l a t i o n s h i p  can v a ry  g r e a t l y  from  p l a t e  to  
4p l a t e  .
1 .3 .3 .2  D i f f u s i o n - c o n t r o l l e d  g row th
As p a r t i c l e  s i z e  i n c r e a s e s  d i f f u s i o n - c o n t r o l l e d  g ro w th  becomes 
more im p o r t a n t  s i n c e  t h e  d i f f u s i o n a l  f l u x  g e t s  p r o g r e s s i v e l y  s lo w e r  
due t o  s o l u t e  rem oval r e d u c i n g  th e  c o n c e n t r a t i o n  g r a d i e n t  ( t h e  
d r i v i n g  f o r c e  f o r  d i f f u s i o n ) ,  w h i l s t  t h e  f l u x  a c r o s s  t h e  i n t e r f a c e  
i n c r e a s e s  due to  t h e  i n c r e a s e  i n  a r e a .
20Burke h a s  c o n s i d e r e d  th e  d i f f u s i o n - c o n t r o l l e d  g ro w th  o f  an  
i s o l a t e d  s p h e r i c a l  p a r t i c l e ,  r a d i u s  R and s o l u t e  c o n c e n t r a t i o n  CQ,
p
grow ing  i n  an  i n f i n i t e l y  l a r g e ,  homogeneous s u p e r s a t u r a t e d  s o l i d  
s o l u t i o n  o f  i n i t i a l  c o m p o s i t io n  C^.. He assumed t h a t  t h e  r a t e  o f  
rem oval o f  atoms from  t h e  s o l u t i o n  a t  t h e  i n t e r f a c e  was v e r y  much 
f a s t e r  t h a n  th e  r a t e  a t  w h ich  atoms a r r i v e d  a t  t h e  i n t e r f a c e .  Thus 
th e  c o n c e n t r a t i o n  i n  s o l u t i o n  a t  th e  i n t e r f a c e  was m a i n t a i n e d  a t  t h e  
e q u i l i b r i u m  v a lu e  C_, w h ich  was r e g a r d e d  a s  in d e p e n d e n t  o f  p r e c i p i t a t erj
s i z e .  These  c o n c e n t r a t i o n  c o n d i t i o n s  a r e  shown s c h e m a t i c a l l y  i n  
F ig u r e  1 .1 2 .  The g ro w th  r a t e  e q u a t io n  f o r  such  c o n d i t i o n s  i s  g iv e n  
by :
/ C ( t ) - C ,A
R^ =D( v d  ( , - , 1 )
w here  C ( t )  i s  t h e  c o n c e n t r a t i o n  o f  t i m e , t .  However, i n  g e n e r a l  p r e c i p i ­
t a t i o n  o c c u r s  a t  a number o f  p a r t i c l e s  each  o f  w hich  draw s s o l u t e  from  
th e  s o l u t i o n .  T h is  c o m p e t i t i o n  l e a d s  to  a  c o n t in u o u s  d e c r e a s e  i n  t h e
m a t r ix  c o m p o s i t io n  from  CT and th u s  t h e  r a t e  o f  g ro w th  o f  e a c h  p a r t i c l e
24a l s o  d e c r e a s e s .  Z e n e r  and  W ert have  c o n s id e r e d  t h i s  a s p e c t  and 
a r r i v e  a t  an  e q u a t i o n  f o r  t h e  r a t e  o f  g row th  f o r  one s e t  o f  c o m p e t in g  
p a r t i c l e s  such  t h a t :
R = p r i  " E K l - v )  ( 1 . 1 2 )d / c i Ce \ ( 1
VVV
■ m
w here  ( 1 - y )  = T h is  e q u a t io n  can  o n ly  be  s o lv e d  when y i s
known a s  a  f u n c t i o n  o f  t im e .  At sm a l l  t im e  (1 -y )  = 1 and  R2 i s  p r o p o r -
25
t i o n a l  t o  t im e  and th e  volum e t o  t 3/ 2 * Ham h a s  f u l l y  j u s t i f i e d  t h i s  












e 1.12 Concentration of solute in and around a growing 
particle under diffusion-controlled conditions, 
(from B u rk e ^ )
26For h e a v i l y  s u p e r s a t u r a t e d  s o l u t i o n s ,  Z ener  has  s u g g e s t e d  
t h a t  s o l u t e  d e p l e t i o n  i s  c o n f in e d  to  a c o m p a r a t iv e ly  t h i n  s h e l l  
s u r r o u n d in g  th e  g row ing  p a r t i c l e s  and assum ed t h a t  c o n c e n t r a t i o n  
g r a d i e n t  can  be  r e g a r d e d  a s  l i n e a r .  The r a t e  o f  g row th  u n d e r  such  
c o n d i t i o n s  i s  g iv e n  b y :
( C - C j  ,
dR  1_E_______   ]____ / a «<5\
“  ’ [2 i< C 6 -4CE- i C I ) i - 1 ]  ' (V CE}
(CI -C E) i
1 .3 .3 3  Growth d e p e n d e n t  upon b o t h  d i f f u s i o n  and i n t e r f a c e
p r o c e s s e s
When d i f f u s i o n  and t h e  i n t e r f a c e  r e a c t i o n  a r e  o f  c o m p a rab le  r a t e s ,  
th e  c o n c e n t r a t i o n  o f  s o l u t e  i n  s o l u t i o n  a t  th e  i n t e r f a c e  i s  m a in ta in e d  
a t  a v a lu e  b e tw e en  Cg and  th e  a v e ra g e  v a lu e  i n  t h e  s o l u t i o n  c ( t ) .  The 
a c t u a l  v a lu e  r e p r e s e n t s  a  b a la n c e  be tw een  th e  r a t e  a t  w hich  a tom s a r r i v e  
a t  t h e  i n t e r f a c e  and  t h e  r a t e  a t  w hich  th e y  a r e  rem oved.
F o r  an  a r r a y  o f  p a r t i c l e s ,  t h e  g ro w th  r a t e  i s :
d R .  V (CI  -  CE)
d t  (Y .R + D)(CR -  C ) y) ( 1 . 1 )O 3 E
w hich  can  be s o lv e d  o n ly  i f  y i s  known as  a  f u n c t i o n  o f  t i m e .  D ur ing
th e  e a r l y  s t a g e s  o f  a  r e a c t i o n ,  when y i s  s m a l l ,  d e p l e t i o n  o f  t h e
m a t r ix  i s  n e g l i g i b l e  and ( 1 - t )  i s  a l s o  n e g l i g i b l e .  T h e r e f o r e ,  when R 
i s  sm a l l  t h e  r a d i u s  i s  a p p ro x im a te ly  p r o p o r t i o n a l  t o  t ,  i e  t h e  g row th  
i s  i n t e r f a c e - c o n t r o l l e d .  At l a r g e  s i z e s  th e  g row th  law i s  c h a r a c t e r ­
i s t i c  o f  d i f f u s i o n  l i m i t e d  g row th  s i n c e  t h e  s q u a re d  te rm  d o m in a te s .
1 .3 .3 .4  O v e r a l l  t r a n s f o r m a t i o n  k i n e t i c s
The p r o g r e s s  o f  an  i s o t h e r m a l  p h a se  t r a n s f o r m a t i o n  c a n  be  
c o n v e n ie n t l y  r e p r e s e n t e d  by p l o t t i n g  t h e  f r a c t i o n  t r a n s f o r m e d  ( f )  a s  
a  f u n c t i o n  o f  t im e  and  t e m p e r a t u r e ,  i e  i n  a TTT d iag ra m  a s  shown in  
F ig u r e  1 . 1 3 ( a ) .  F o r  e x a m p le ,  f o r  a  t r a n s f o r m a t i o n  of t h e  ty p e  a - 3 ,  f  
i s  th e  volume f r a c t i o n  o f  p r e c i p i t a t e ,  3 ,  a t  any t im e ,  F i g u r e  1 .1 3 ( b ) .
Many f a c t o r s  c o n t r i b u t e  t o  v a r i a t i o n  o f  f ( t , T )  such  a s  t h e  
n u c l e a t i o n  r a t e ,  t h e  g ro w th  r a t e ,  t h e  d e n s i t y  and d i s t r i b u t i o n  o f  
n u c l e a t i o n  s i t e s ,  and  t h e  impingem ent o f  a d j a c e n t  t r a n s f o r m e d  v o lu m e s .  







Figure 1.13 Schematic representation of the percentage 
transformation versus time for different 
transformation temperatures (T2 ).
(a) TTT diagram
(b) Volume fraction, f ,  versus time
s lo p e  o f  th e  s ig m o id a l  r a t e  c u r v e ,  F i g u r e  1 .1 3 ( b ) ,  by an  amount which
depends  on th e  fo rm  o f  t h e  v a r i a t i o n  o f  t h e  n u c l e a t i o n  r a t e ,  I ,  w i th  
27t i m e , t  . I n  g e n e r a l ,  d e p e n d in g  on th e  a s su m p t io n s  made r e g a r d in g  
n u c l e a t i o n  a v a r i e t y  o f  e q u a t i o n s  can  be  o b t a i n e d  o f  t h e  fo rm :
f  = 1 -  e x p ( - k t n ) (1 .1 5 )
T h is  i s  known a s  a n  Avrami e q u a t i o n  w here  t h e  n u m e r ic a l  e x p o n e n t ,  n ,  
can  v a ry  from  ^  1 t o  4 .  P r o v id e d  t h e r e  i s  no change i n  t h e  n u c l e a t i o n  
m echanism , n i s  i n d e p e n d e n t  o f  t e m p e r a t u r e  w h i l s t  k depends  on th e  
n u c l e a t i o n  and g ro w th  r a t e s  and i s ,  t h e r e f o r e ,  v e ry  s e n s i t i v e  to  
t e m p e r a t u r e .
1 . 3 . 3 . 5  P a r t i c l e  c o a r s e n in g  (O s tw a ld  r i p e n i n g )
The m i c r o s t r u c t u r e  o f  tw o -p h ase  a l l o y s  i s  a lw ays  u n s t a b l e  i f  th e  
t o t a l  i n t e r f a c i a l  e n e rg y  i s  n o t  a t  a  minimum. T h e r e f o r e ,  a  h ig h  d e n s i t y  
o f  sm a l l  p r e c i p i t a t e s  w i l l  te n d  t o  d e v e lo p  i n t o  a  lo w e r  d e n s i t y  o f  
l a r g e r  p a r t i c l e s  w i t h  a  lo w er  t o t a l  i n t e r f a c i a l  e n e rg y .
I n  any p r e c i p i t a t i o n - h a r d e n e d  spec im en  t h e r e  w i l l  be  a  r a n g e  o f
p a r t i c l e  s i z e s  due to  d i f f e r e n c e s  i n  t h e  t im e  of  n u c l e a t i o n  and r a t e  of
g ro w th .  C o n s id e r  t h e  c a s e  of  two a d j a c e n t  s p h e r i c a l  p r e c i p i t a t e s  w i th
d i f f e r e n t  d i a m e t e r s ,  F i g u r e  1 . 1 4 ( a ) .  The s o l u t e  c o n c e n t r a t i o n  i n  th e
m a t r ix  a d j a c e n t  t o  a  p a r t i c l e  w i l l  i n c r e a s e  a s  t h e  r a d i u s  o f  c u r v a t u r e
9 . . .d e c r e a s e s ,  a c c o r d i n g  t o  t h e  G ibbs-Thomson e f f e c t  . T h is  i s  i l l u s t r a t e d  
i n  F i g u r e  1 . 1 4 ( b ) ,  a  s c h e m a tic  f r e e  e n e rg y  d ia g ra m . C o n s t r u c t in g  
common t a n g e n t s  t o  t h e  m a t r ix  c u rv e  shows t h a t  t h e  s o l u b i l i t y  o f  th e  
sm a l l  p a r t i c l e s  Ca (g )  l a r g e r  th a n  t h a t  o f  l a r g e r  p a r t i c l e s .  I n  a 
sy s tem  c o n t a i n i n g  m ixed  s i z e s ,  c o n c e n t r a t i o n  g r a d i e n t s  e x i s t  i n  t h e  
m a t r ix  w hich  p ro m o te s  d i f f u s i o n  o f  s o l u t e  f rom  r e g i o n s  a ro u n d  sm a l l  
p a r t i c l e s  t o  t h o s e  a d j a c e n t  to  l a r g e  p a r t i c l e s  o n to  w hich  i t  i s  
p r e c i p i t a t e d .  The rem oval o f  s o l u t e  from  t h e  s o l u t i o n  n e a r  to  sm a l l  
p a r t i c l e s  c a u s e s  t h e  l a t t e r  t o  d i s s o l v e .
28Greenwood h a s  rev ie w e d  t h e  t h e o r y  o f  p a r t i c l e  c o a r s e n in g  and 
th e  e x t e n t  t o  w h ich  th e y  can  be  s u b s t a n t i a t e d  by e x p e r im e n ta l  r e s u l t s .  
The v a r i a t i o n  o f  p a r t i c l e  g row th  r a t e  w i t h  r a d i u s ,  r ,  i n  t h i s  r e v ie w  
i s  g iv e n  b y :
d r  2DSYft ,1 K  , ,







Figure 1:14 Schematic illustration of particle coarsening 
(a) movement of solute,p
lb)solute concentration in a increases as the 
radius of curvature of particle decreases.
w here  D i s  th e  s o l u t e  d i f f u s i o n  c o e f f i c i e n t ,  S i s  th e  s o l u b i l i t y  o f  a
p a r t i c l e  o f  i n f i n i t e  r a d i u s ,  ft i s  t h e  a to m ic  volume of t h e  p a r t i c l e ,  y
i s  t h e  i n t e r f a c i a l  e n e rg y  and k i s  B o l tzm a n n ’ s c o n s t a n t .  T h is  v a r i a t i o n
i s  shown p i c t o r i a l l y  in  F ig u r e  1 .15  f o r  two v a lu e s  of r .  P a r t i c l e s  of
r a d i u s  e q u a l  t o  t h e  mean r a d i u s ,  r ,  a r e  a t  t h a t  i n s t a n t  o f  t im e  n e i t h e r
g row ing  n o r  d i s s o l v i n g .  P a r t i c l e s  o f  r a d i u s  < r  a r e  “d i s s o l v i n g  a t  i n c r e a s i n g
r a t e s  w i th  d e c r e a s i n g  v a lu e  o f  r .  A l l  p a r t i c l e s  o f  r a d i u s  >r a r e  growing
b u t  t h e  g ra p h  shows a maximum v a l u e  f o r  t h e  g row th  r a t e  t h a t  c o r r e s p o n d s
to  t h e  p a r t i c l e  w hich  i s  tw ic e  t h e  mean r a d i u s .  P r e c i p i t a t e s  >2r w i l l
grow s lo w ly  and w i l l  te n d  to  be c a u g h t  up by th e  p a r t i c l e s  whose r a d i u s
r  ? 2 r .  The c o n seq u e n c e  o f  t h i s  i s  t h a t  no p a r t i c l e s  l a r g e r  th a n  2r
would be  e x p e c te d  a f t e r  some p r e c i p i t a t e  c o a r s e n in g  h a s  o c c u r r e d .
29 . 30L i f s h i t z  and S lyozov  a n d ,  i n d e p e n d e n t l y ,  Wagner have  s tu d i e d
t h e  c o m p l ic a te d  p rob lem  o f  d i f f u s i o n - c o n t r o l l e d  c o a r s e n in g .  F o r  an
i n i t i a l l y  n a r ro w  G a u s s ia n  d i s t r i b u t i o n  o f  p r e c i p i t a t e  s i z e s  a  s t e a d y -
d i s t r i b u t i o n  o f  s i z e s  was found  when th e  s i z e  d i s t r i b u t i o n  was p l o t t e d  as
a  f u n c t i o n  o f  t h e  r e d u c e d  r a d i u s  ( r / r )  . T h is  had a c u t - o f f  a t  r / r  = 1 .5 #
The c o a r s e n in g  r a t e  when t h i s  s t e a d y - s t a t e  d i s t r i b u t i o n  h as
b e e n  a c h ie v e d ,  i e  f o r  t im e s  t h a t  a r e  l o n g ,  i s  g iv e n  b y :
r 3 - ^  (1 .1 7 )
A s i m i l a r  s i t u a t i o n  i s  a p p a r e n t  f o r  i n t e r f a c e - c o n t r o l l e d  g ro w th /
28c o a r s e n i n g ,  and Greenwood gave an  a p p ro x im a te  r e l a t i o n s h i p  be tw een  
mean p a r t i c l e  r a d i u s  and t im e  u n d e r  such  c o n d i t i o n s :
-2 _ 6 4 C S Y fi t  , 4
r  • '  81kT ( 1 ‘ 18)
w here  C i s  a c o n s t a n t .
E x p e r im e n ta l  c o n f i r m a t i o n  o f  th e  L i f s h i t z - W a g n e r  t h e o r y  o f  p a r t i c l e
28c o a r s e n in g  h a s  b e e n  rev iew ed  by Greenwood . The m ost d e t a i l e d  i n f o r ­
m a t io n  a v a i l a b l e  i s  on th e  c o a r s e n in g  o f  N isA l (Y1) p r e c i p i t a t e s  i n  th e  
32 33N i-A l  sy s tem  * . The r e s u l t s  c o n f i rm e d  t h a t  g row th  o f  Y1 f o l l o w s  a
cube  law  r e l a t i o n s h i p ,  i e  d i f f u s i o n  o f  s o l u t e  i s  th e  l i m i t i n g  p r o c e s s ,
and t h a t  t h e r e  was a  q u a s i - s t a t i o n a r y  p a r t i c l e  s i z e  d i s t r i b u t i o n  and a
m arked c u t - o f f  i n  t h e  d i s t r i b u t i o n  c u r v e .  A lthough  th e  c u t - o f f  ten d e d
28t o  be  a l a r g e r  v a lu e  th a n  th e  p r e d i c t e d  1 .5 ? ,  Greenwood c o n c lu d e d  t h a t  
t h e  fo rm  o f  t h e  c u rv e  was r o u g h ly  s i m i l a r  t o  t h a t  g iv e n  by th e  L i f s h i t z -  
Wagner t h e o r y .  S i m i l a r l y ,  g row th  o f  m anganese p r e c i p i t a t e s  in  a
17
Figure 1.15 Schematic illustration of the variation in growth 
rate with mean particle radius, r ,fo r two values 
of f  =-* r-j )
33m agnesium -m anganese  a l l o y  have  a l s o  been  shown to  f o l l o w  a cube law
r e l a t i o n s h i p ,  a l t h o u g h  a g a i n ,  s t a t i s t i c a l  a n a l y s i s  o f  s i z e  d i s t r i b u t i o n s
i n d i c a t e d  a c u t - o f f  > 1 .5 r .  O th e r  sy s tem s  i n v e s t i g a t e d  i n c l u d e  F e 3 S i
34 35p r e c i p i t a t e s  i n  a - i r o n  * and 0 " and 0 ' p l a t e l e t  p r e c i p i t a t e s  in  th e
36Al-Cu (-C d) sy s te m  . In  b o th  c a s e s  t h e  power law  e x p e c t e d  f o r  d i f f u s i o n -
c o n t r o l l e d  c o a r s e n i n g  was o b s e r v e d .  For t h e  Al-Cu s y s te m ,  Boyd and 
36N ic h o ls o n  fo u n d ,  how ever ,  t h a t  t h e  d i s t r i b u t i o n  o f  p r e c i p i t a t e s  d id  n o t  
f i t  t h e  L i f s h i t z - W a g n e r  t h e o r y  a t  a l l ,  maximum v a l u e s  o f  r / r  b e in g  a b o u t  
2 .8  f o r  0* and 2 .0  f o r  0" r a t h e r  th a n  th e  e x p e c te d  v a l u e  o f  * 1 .5 .  How­
e v e r ,  i t  m ust be  p o i n t e d  o u t  t h a t  th e  c o a r s e n in g  r a t e  f o r  t h e s e  p r e c i p i -
9
t a t e s  was much f a s t e r  th a n  th e  p r e d i c t i o n s  by th e  t h e o r y  .
W ith  r e g a r d  t o  i n t e r f a c e - c o n t r o l l e d  g ro w th ,  o n ly  two c a s e s  have  so
37f a r  b een  r e p o r t e d .  Schwarz and R alph have  s t u d i e d  t h e  c o a r s e n in g  o f
th e  v e ry  f i n e  p r e c i p i t a t e s  o f  V4 C3 , a few n a n o m e te rs  i n  s i z e ,  which form
on th e  moving p h a s e  b ounda ry  b e tw e en  a -  and Y - i r o n .  U s in g  f i e l d  io n
m ic ro sc o p y  t h e y  fo u n d  an r 2 r e l a t i o n s h i p ,  in  good a g re e m e n t  w i th  th e
38i n t e r f a c e - c o n t r o l l e d  k i n e t i c  t h e o r y .  S i m i l a r l y ,  Y ou le  e t  a l  o b se rv e d
o # # ^
th e  r  k i n e t i c s  o f  i n t e r f a c e  c o n t r o l  f o r  th e  c o a r s e n i n g  o f  f i n e  g o ld  
p r e c i p i t a t e s  i n  an  i r o n - g o l d  a l l o y  quenched and aged  i n  t h e  c o n v e n t io n a l  
way. A g a in ,  f i e l d  io n  m ic ro sc o p y  was u se d  on th e  s m a l l  p r e c i p i t a t e s  
(1 -40  nm) .
9A c c o rd in g  to  M a r t in  and D o h e r ty  t h e  r e s u l t s  i n d i c a t i n g  d i f f u s i o n
c o n t r o l ,  i e  no i n t e r f a c i a l  b a r r i e r  to  g ro w th ,  c o n f l i c t e d  w i t h  th e  hyp o -
21 22t h e s i s  p u t  f o rw a r d  by A aronson  * to  a c c o u n t  f o r  t h e  m o rp h o lo g ie s  o f  
n o n - s p h e r i c a l  W id m a n s ta t te n  p r e c i p i t a t e s .  A aronson  s u g g e s t e d  t h a t  
c o h e r e n t  o r  s e m i - c o h e r e n t  i n t e r f a c e s  were l e s s  m o b i le  t h a n  i n c o h e r e n t  
ones  so t h a t  t h e  r a t e s  o f  m i g r a t i o n  v a r i e d  f o r  d i f f e r e n t  p a r t s  of  t h e  
p r e c i p i t a t e - m a t r i x  i n t e r f a c e ,  p a r t i c u l a r l y  i f  th e y  h a v e  d i f f e r e n t
c r y s t a l  s t r u c t u r e s  a s  i n  a -F e /Y - F e .  I n t e r e s t i n g l y ,  t h e  r e v ie w  by
27 . .Greenwood n o t e d  t h a t  p r e c i p i t a t e s  o f  v a r i o u s  s h a p e s  w h ich  w ere  c o h e r e n t ,
p a r t i a l l y  c o h e r e n t  o r  i n c o h e r e n t ,  a l l  i n d i c a t e d  t h a t  r 3 was p r o p o r t i o n a l
to  c o a r s e n i n g  t im e ,  i n  a c c o r d  w i t h  d i f f u s i o n - c o n t r o l l e d  g ro w th .
39N ic h o ls o n  f i r s t  p o i n t e d  o u t  t h i s  c o n f l i c t  be tw een  c o a r s e n i n g  r e s u l t s  
and A aro n so n * s  h y p o t h e s i s  and s u g g e s te d  t h a t  W id m a n s ta t te n  s t r u c t u r e s  
may be  r e l a t e d  v i a  i n t e r f a c i a l  e n e rg y  to  t h e  e q u i l i b r i u m  s h a p e s .
Two g e n e r a l  c o n c lu s i o n s  f rom  t h i s  work may, h o w e v e r ,  be  made. 
F i r s t l y ,  t h e  t h e o r i e s  have  been  i n  g e n e r a l  v e ry  s u c c e s s f u l  and s e c o n d ly ,
18
t h e  r a t e - c o n t r o l l i n g  s t e p  h a s  been  i d e n t i f i e d  a s  t h e  d i f f u s i o n  o f  s o l u t e  
th ro u g h  th e  l a t t i c e  f o r  t h e  m a j o r i t y  o f  sys tem s  i n v e s t i g a t e d .  Hence i t  
s h o u ld  be p o s s i b l e  t o  d e s ig n  p r e c i p i t a t e  m i c r o s t r u c t u r e s  w hich a r e  
r e l a t i v e l y  r e s i s t a n t  to  c o a r s e n in g  by a d o p t in g  low v a l u e s  o f  i n t e r ­
f a c i a l  e n e rg y ,  s o l u b i l i t y  and d i f f u s i o n  c o e f f i c i e n t .
1 .4  S t r e n g t h e n in g  m ethods  i n  a l l o y  sy s tem s
As m en t io n e d  p r e v i o u s l y ,  t h e  s t r e n g t h e n i n g  a s s o c i a t e d  w i th  many 
a lum in ium  a l l o y  sy s tem s  i s  due  t o  a  f i n e  d i s p e r s i o n  o f  p a r t i c l e s ,  
e i t h e r  form ed i n  t h e  i n g o t  m a n u f a c t u r e ,  a s  i n  t h e  n o n - h e a t  t r e a t a b l e  
a l l o y s ,  o r  form ed a t  a  l a t e r  s t a g e  by s o l u t i o n  t r e a t i n g  and th e n  " a g e in g "  
a t  a low er  t e m p e r a tu r e  t o  c r e a t e  a f i n e  d i s p e r s i o n  o f  p r e c i p i t a t e s .
The d i f f e r e n t  p ro p o se d  s t r e n g t h e n i n g  mechanisms w i l l  be  rev iew ed  h e r e .
1 .4 .1  S o l id  s o l u t i o n  h a r d e n in g
The i n t r o d u c t i o n  o f  s o l u t e  a tom s i n t o  s o l i d - s o l u t i o n  i n  t h e  
s o lv e n t - a t o m  l a t t i c e  i n v a r i a b l y  p ro d u c e s  an  a l l o y  w hich  i s  s t r o n g e r  th a n  
th e  p u re  m e t a l .  W hether t h e  s o l u t e  o c c u p ie s  i n t e r s t i t i a l  o r  s u b s t i ­
t u t i o n a l  s i t e s  i n  th e  s o l v e n t ,  t h e  y i e l d  s t r e s s  and th e  l e v e l  o f  th e
s t r e s s - s t r a i n  c u rv e  i s  u s u a l l y  r a i s e d  a s  a  w h o le ,  F i g u r e  1 .1 6 .  S o l u t e
40a tom s f a l l  i n t o  two b ro a d  c a t e g o r i e s  w i th  r e s p e c t  t o  t h e i r  r e l a t i v e  
s t r e n g t h e n i n g  e f f e c t .  G e n e r a l l y ,  i n t e r s t i t i a l  atom s h a v e  a r e l a t i v e £ n g 
s t r e n g t h e n i n g  e f f e c t  p e r  u n i t  c o n c e n t r a t i o n  o f  a b o u t  t h r e e  t im e s  t h e i r  
s h e a r  m o d u lu s , ,  w h i l s t  f o r  s u b s t i t u t i o n a l  a tom s t h e  e f f e c t  i s  *^G/1 0 .
As y e t  no u n i f i e d  t h e o r y  e x i s t s  f o r  s o l i d  s o l u t i o n  h a r d e n i n g ,  
a l t h o u g h  v a r i o u s  f a c t o r s  h av e  b e e n  s tu d i e d  i n  c e r t a i n  s y s te m s .  The 
m ost im p o r ta n t  f a c t o r s  a f f e c t i n g  s o l u t i o n  s t r e n g t h e n i n g  a r e :
( a )  E l a s t i c  d i s t o r t i o n  o f  t h e  l a t t i c e  due t o  t h e  d i f f e r e n t  s i z e  
o f  s o lu te  
g iv e n  by
l t e  and s o l v e n t  a to m s .  A s i z e  f a c t o r  p a r a m e t e r ,  e , i s&
1 xda.£ = — ( j — )a  a  dc
w here  a  i s  t h e  i n t e r a t o m i c  s p a c in g  o f  th e  a l l o y  and c i s  t h e  
a to m ic  c o n c e n t r a t i o n  o f  t h e  s o l u t e .
(b) R e l a t i v e  m odulus f a c t o r :  e '  = e / ( 1  -  e ^ /2 )  whereb Vj G
£G = G( d ^  and G i s  t h e  s h e a r  m odulus o f  t h e  a l l o y .  F l e i s c h e r ^  
h a s  shown t h a t  t h e  r a t e  o f  change  o f  s h e a r  s t r e s s  w i t h  a to m ic
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Figure 1.16 Effect of solute alloy additions on the s tre ss - 
strain curve (schematic)
c o n c e n t r a t i o n  o f  s o l u t e  p l o t s  l i n e a r l y  a g a i n s t  e ’ -  3e f o r  ac? a
l a r g e  number o f  d i l u t e  s o l i d  s o l u t i o n s  o f  c o p p e r .
(c )  Chem ical i n t e r a c t i o n  (S u z u k i  i n t e r a c t i o n ) . The d i s s o c i a t i o n
of d i s l o c a t i o n s  i n  c l o s e  packed  c r y s t a l s  i n t o  p a r t i a l  d i s l o c a t i o n s
a f f e c t s  th e  p e r i o d i c  a r ra n g e m e n t  o f  th e  l a t t i c e .  I n  a  f e e  c r y s t a l
42th e  f a u l t e d  r e g i o n s  h av e  cph s t a c k i n g .  Suzuk i o b se rv e d  t h a t  
t h e r e  w i l l  be an i n t e r a c t i o n  be tw een  th e  e x te n d e d  d i s l o c a t i o n  
and th e  s o l u t e  a tom s s i n c e  t h e  change  i n  f r e e  e n e rg y  w i th  s o l u t e  
c o n c e n t r a t i o n  w i l l  n o t  be  t h e  same in  th e  m a t r ix  and t h e  f a u l t e d  
r e g i o n s ,
These and o t h e r  f a c t o r s  c an  c o n t r i b u t e  t o  t h e  r e s i s t a n c e  t o  
d i s l o c a t i o n  m o tio n .  I n  a  random s o l i d  s o l u t i o n  t h e r e  w i l l  be  no n e t
43f o r c e  on t h e  d i s l o c a t i o n  p r o v id e d  t h a t  t h e  d i s l o c a t i o n  rem a in s  s t r a i g h t
s i n c e  th e  a l g e b r a i c  sum o f  a l l  i n t e r a c t i o n  e n e r g i e s  w i l l  t e n d  t o  z e r o .
43 . . .M ott and N ab a rro  p o i n t e d  o u t ,  how ever ,  t h a t  th e  d i s l o c a t i o n  l i n e s  a r e
g e n e r a l l y  n o t  s t r a i g h t  b u t  f l e x i b l e  so t h a t  th e  e n t i r e  l i n e  can  t a k e  up 
lo w e r  e n e rg y  p o s i t i o n s  by b e n d in g  a ro u n d  r e g io n s  o f  h ig h  i n t e r a c t i o n  
e n e rg y .  These two c a s e s  a r e  i l l u s t r a t e d  i n  F ig u r e  1 .1 7 .  F o r  d i l u t e  
s o l i d  s o l u t i o n s  th e  y i e l d  s t r e s s  a c c o r d in g  to  th e  M ott and N a b a r ro  
t h e o r y  i s  g iv e n  by :
t  * 2 G £ C  ( 1 .1 9 )
w here G i s  th e  s h e a r  m odulus  o f  th e  m a t r i x ,  z  i s  t h e  m i s f i t  p a r a m e t e r  
and C i s  t h e  a to m ic  c o n c e n t r a t i o n  o f  s o l u t e .  A more r i g o r o u s  
a n a l y s i s  r e v e a l s  t h a t  t h e  f lo w  s t r e s s ,  t  can  be  e x p re s s e d  a s :
t = 2 .5G e ‘+/ 3C ( 1 .2 0 )
44However, a c c o r d in g  to  D i e t e r  e q u a t i o n  ( 1 .2 0 )  p r e d i c t s  v a lu e s  f o r  t h e  
f lo w  s t r e s s  w hich a r e  t o o  l a r g e ,  a l t h o u g h  many s t u d i e s  have  shown t h a t  
th e  f lo w  s t r e s s  i s  l i n e a r  w i t h  s o l u t e  c o n c e n t r a t i o n  f o r  v e ry  d i l u t e  
s o l u t i o n s .  Nowadays, e q u a t i o n  ( 1 .1 9 )  i s  g e n e r a l l y  u se d  f o r  e v a l u a t i o n  
o f  t h e  y i e l d  s t r e s s  o f  a  s o l i d  s o l u t i o n .
1 .4 .2  D i s l o c a t i o n  c u t t i n g  o f  p r e c i p i t a t e s
The t h e o r i e s  o f  y i e l d  s t r e s s  due t o  p a r t i c l e  s h e a r  g e n e r a l l y  
assume t h a t  t h e  p r e c i p i t a t e s  a r e  e i t h e r  c o h e r e n t  o r  s e m i - c o h e r e n t  w i th  
t h e  m a t r i x .  The work done  by t h e  a p p l i e d  s t r e s s  i n  f o r c i n g  th e
d i s l o c a t i o n s  th ro u g h  t h e  p r e c i p i t a t e  may th e n  g o v e rn  th e  f lo w  s t r e s s .
. 45 . . .K e l ly  and F in e  have  s u g g e s t e d  t h a t  t h i s  i s  t h e  c a s e  m  Al-Cu and
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F i g u r e  1.17 D i s l o c a t i o n  l i n e s  in a  r a n d o m  s o l i d  s o l u t i o n
( a ) s t r a i g h t .
(b) f l e x i b l e .
Al-Ag a l l o y s  c o n t a i n i n g  GP zones  w here th e y  found  t h a t  y i e l d  s t r e s s  i n  
t h e s e  a l l o y s  was i n s u f f i c i e n t  t o  e n a b le  d i s l o c a t i o n s  to  expand be tw een  
th e  p a r t i c l e s  ( s e e  s e c t i o n  1 . 4 . 3 ) .  A s c h e m a t ic  i l l u s t r a t i o n  of p a r t i c l e  
s h e a r  i s  shown in  F i g u r e  1 .1 8 .
45A cco rd ing  t o  K e l ly  and F in e  t h e  y i e l d  s t r e s s ,  t , o f  an  a l l o y  
c o n t a i n i n g  GP zones  i s  g iv e n  b y :
T = ^  ( 1 .2 1 )
w here  f  i s  th e  volum e f r a c t i o n  o f  p r e c i p i t a t e  and Y i s  t h e  en e rg y
r e q u i r e d  to  s h e a r  t h e  p r e c i p i t a t e  a  d i s t a n c e  b ( t h e  B u r g e r ' s  v e c t o r ) .
T h is  th e o r y  p r e d i c t s  t h a t  an i n c r e a s e  i n  e i t h e r  f  o r  Y s h o u ld  i n c r e a s e
t h e  y i e l d ,  and h a s  b e e n  u se d  t o  e x p l a i n  t h e  maximum s t r e n g t h  d e v e lo p e d  
45i n  Al-Cu a l l o y s
15K e l ly  and N ic h o ls o n  showed t h a t  a  t y p e  o f  " ch e m ic a l  h a r d e n in g "  
would  a r i s e  when a  d i s l o c a t i o n  s h e a r s  t h ro u g h  a p a r t i c l e ,  c r e a t i n g  a 
s t e p  o f  w id th ,  b ,  on e i t h e r  s i d e  o f  t h e  p a r t i c l e .  S in c e  t h i s  p r o c e s s  
i n c r e a s e s  th e  s u r f a c e  a r e a  o f  t h e  p a r t i c l e ,  work m ust be done to  s h e a r  
t h e  p a r t i c l e .  The s t r e n g t h e n i n g  in c r e m e n t  due to  t h i s  work was g iv e n  by :
, 2 /6  . fYs (1 .2 2 )
At  =  --------  --------
it r
w here  Yg i s  th e  e n e rg y  o f  t h e  p a r t i c l e - m a t r i x  i n t e r f a c e  and r  i s
th e  r a d i u s  o f  th e  p r e c i p i t a t e .  K e l ly  and N ic h o ls o n  a l s o  p o i n t e d  o u t  t h a t
many f i n e  s e c o n d -p h a s e  p a r t i c l e s  a r e  i n t e r m e t a l l i c  compounds which have 
o r d e r e d  s t r u c t u r e s ,  and when s h e a r i n g  o c c u r r e d  a new i n t e r f a c e  w i l l  be 
p ro d u ce d  w i t h i n  t h e  p a r t i c l e .  They s u g g e s t e d  t h a t  t h e  e x t r a  in c re m e n t  
i n  h a rd e n in g  i s  g iv e n  b y :
2fYp
A t  =  — ^  ( 1 . 2 3 )
w here  Yp i s  th e  e n e rg y  f o r  d i s o r d e r i n g  t h e  p a r t i c l e  s t r u c t u r e .  I f
b o t h  p r i n c i p l e s  a p p ly  t h e n  t h e  s t r e n g t h e n i n g  in c re m e n t  i s  g iv e n  b y :
2fYp 2 / 5  f Y s
A t  -  +  — i  ( 1 . 2 4 )b tt r
However, K e l ly  and N ic h o ls o n  a l s o  p o i n t e d  o u t  t h a t  i f  Yp i s  much g r e a t e r  
th a n  Ys th e n  th e  f lo w  s t r e s s  w i l l  b e  in d e p e n d e n t  o f  p a r t i c l e  s i z e  and 
h e n c e  o n ly  e q u a t i o n  ( 1 .2 3 )  w i l l  a p p l y ,  w h ich  i s  in d e p e n d e n t  o f  






Figure 1.18 Dislocation cutting of a p rec ip ita te ;
(a)view in the slip plane normal to the Burgers 
vector of the dislocation,
(b)view normal to the slip plane.
[from Kelly and N icho lson^ J
t h e n  Yp i s  z e r o  and o n ly  e q u a t i o n  ( 1 .2 2 )  a p p l i e s .  They c o n c lu d e d  t h a t  
t h e s e  e s t i m a t e s  c a n  o n ly  be u se d  i f  t h e  p a r t i c l e  r a d i u s  i s  l a r g e  
compared w i t h  t h e  B u r g e r ’ s v e c t o r  o f  t h e  d i s l o c a t i o n .
K e l ly  and  N i c h o l s o n ^  have  p r o v id e d  an a l t e r n a t i v e  e s t i m a t e  of 
th e  s t r e s s  n e c e s s a r y  t o  move th e  d i s l o c a t i o n s  th ro u g h  t h e  p a r t i c l e s ;  
by e q u a t in g  t h e  work done on th e  c r y s t a l  by th e  a p p l i e d  s t r e s s  w i th  
th e  work done i n  c r e a t i n g  a new i n t e r f a c e  a s  th e  d i s l o c a t i o n  c u t s  a 
p r e c i p i t a t e  t h e y  found  t h a t ,  f o r  s p h e r i c a l  p r e c i p i t a t e s :
T .  I £ _  ( 1 .2 5 )
ab
w here  f  i s  volum e f r a c t i o n  o f  p r e c i p i t a t e ,  b i s  t h e  B u r g e r ’ s 
v e c t o r  and a i s  a c o n s t a n t  ~ 1 .1 .  The te rm  Y, ho w ev er ,  i n c l u d e s  
b o th  t h e  e n e rg y  o f  t h e  a d d i t i o n a l  p r e c i p i t a t e - m a t r i x  i n t e r f a c e  
p ro d u ced  and  t h e  e n e rg y  o f  t h e  d i s l o c a t i o n s  p roduced  a t  t h e  i n t e r ­
f a c e .  S i m i l a r l y ,  i f  t h e  p a r t i c l e  i s  i n t e r n a l l y  o r d e r e d  i t  i n c l u d e s ,  
in  a d d i t i o n ,  t h e  e n e rg y  o f  t h e  i n t e r f a c e  p roduced  i n s i d e  t h e  p r e c i p i ­
t a t e  due t o  t h e  change  i n  c h e m ic a l  s p e c i e s  o f  t h e  n e a r e s t  n e ig h b o u r s  
o f  atom s above  and b e lo w  th e  s l i p  p l a n e .
1 .4 .3  D i s l o c a t i o n  bowing a ro u n d  p r e c i p i t a t e s
E v e n t u a l l y ,  a  s t a g e  may be  r e a c h e d  d u r in g  a g e in g  t h e  p r e c i p i ­
t a t e  s t r u c t u r e  w here  t h e  d i s l o c a t i o n s  f i n d  ways o f  moving a ro u n d  th e
p a r t i c l e s .  F o r  t h e  c a s e  o f  o v e ra g e d  i n c o h e r e n t  p r e c i p i t a t e s ,
46 . .Orowan p r o p o s e d  t h e  m echanism  i l l u s t r a t e d  m  F ig u re  1 .1 9 .  The y i e l d
s t r e s s  i s  d e te r m in e d  by th e  s h e a r  s t r e s s  r e q u i r e d  to  bow a d i s l o c a t i o n  
l i n e  be tw een  two p a r t i c l e s  s e p a r a t e d  by  a d i s t a n c e  A. At s t a g e  I I  i n  
F i g u r e  1.19 t h e  d i s l o c a t i o n  l i n e  i s  b e g in n i n g  t o  b e n d ,  and a t  s t a g e  I I I  
i t  h a s  r e a c h e d  t h e  c r i t i c a l  c u r v a t u r e .  The d i s l o c a t i o n  can  th e n  move 
fo rw a rd  w i t h o u t  f u r t h e r  d e c r e a s i n g  i t s  r a d i u s  o f  c u r v a t u r e .  The s t r e s s  
r e q u i r e d  t o  f o r c e  t h e  d i s l o c a t i o n  b e tw e e n  t h e  o b s t a c l e s  i s  g iv e n  b y :
T n  “  I T  ( 1 - 2 6 >O A
where G i s  t h e  s h e a r  m odulus o f  t h e  m a t r ix  and b i s  t h e  B u r g e r ’ s 
v e c t o r  o f  t h e  d i s l o c a t i o n .  S in c e  t h e  segm en ts  o f  d i s l o c a t i o n  t h a t  
m eet on e i t h e r  s i d e  o f  t h e  p a r t i c l e  a r e  o f  o p p o s i t e  s i g n ,  t h e y  can  
a n n i h i l a t e  e a c h  o t h e r  o v e r  p a r t  o f  t h e i r  l e n g t h ,  l e a v i n g  a  d i s l o c a t i o n  
lo o p  a round  e a c h  p a r t i c l e  ( s t a g e  IV ) .  The o r i g i n a l  d i s l o c a t i o n  i s  
th e n  f r e e  t o  move on ( s t a g e  V ) .
2 2
Figure 1.19 Schematic illustration of the Orowan process 
of dislocation bowing between particles.
The b a s i c  Orowan e q u a t i o n  (eg  1 .26 )  h a s  been  m o d i f i e d  by i n t r o ­
d u c in g  more r e f i n e d  e s t i m a t e s  o f  t h e  d i s l o c a t i o n  l i n e  t e n s i o n ^ ,  by
47u s in g  th e  p l a n a r  s p a c in g  Y , f o r  t h e  mean f r e e  p a th  , and by add ing
a c o r r e c t i o n  f o r  t h e  i n t e r a c t i o n  be tw een  d i s l o c a t i o n  segm en ts  on e i t h e r
48s id e  o f  t h e  p a r t i c l e  . These  h av e  l e d  t o  a number o f  v e r s i o n s  b a sed
on e q u a t i o n  ( 1 . 2 6 ) ,  o f  w hich  th e  m ost common i s  t h e  Orowan-Ashby
. 49e q u a t io n
. 0.13Gb . r  / i  o-7\
A t  = -----------   I n  r  (1 .2 7 )
Y d
w here  r  i s  t h e  r a d i u s  o f  t h e  p a r t i c l e s .
1 . 4 .4  O th e r  p r o p o se d  s t r e n g t h e n i n g  mechanisms
A lth o u g h  t h e  t h e o r i e s  o f  d i s l o c a t i o n  c u t t i n g  o f  a  p r e c i p i t a t e
and d i s l o c a t i o n  bowing be tw een  p r e c i p i t a t e s  have b een  o b s e rv e d  i n
many s y s te m s ,  o t h e r  s t r e n g t h e n i n g  m echanisms have b e e n  p r o p o s e d .
M ott and  N a b a r r o ^  r e c o g n iz e d  t h a t  t h e  s t r a i n  f i e l d  r e s u l t i n g
from  th e  m ism atch  b e tw e en  a p a r t i c l e  and th e  m a t r ix  w ould  be  a so u rc e
of s t r e n g t h e n i n g ,  t h e  in c r e m e n t  i n  s t r e n g t h e n i n g ,  A t ,  b e in g  g iv e n  by:
A t  = 2Gef (1 .2 8 )
where  f  i s  t h e  volum e f r a c t i o n  o f  p r e c i p i t a t e  and e i s  t h e  m easu re  
o f  t h e  s t r a i n  f i e l d  p ro d u c e d .  G e ro ld  and H a b e r k o r n ^  h av e  g iv e n  a 
more s o p h i s t i c a t e d  e s t i m a t e  o f  t h e  s t r e n g t h e n i n g  due t o  c o h e re n c y  
s t r a i n s ,  su c h  t h a t
AT = 6 G M ) i £a/2 ( , . 29)
b
w here r  i s  t h e  r a d i u s  o f  t h e  p r e c i p i t a t e s .
S t a c k i n g - f a u l t  s t r e n g t h e n i n g  h a s  a l s o  been  c o n s id e r e d  w hereby
th e  e n e rg y  o f  a n  e x te n d e d  d i s l o c a t i o n  i s  d e c re a s e d  i f  t h e  e n e rg y  o f
th e  s t a c k i n g - f a u l t  form ed b e tw e en  i t s  component p a r t i a l  d i s l o c a t i o n s
52i s  r e d u c e d .  H i r s c h  and K e l ly  have  s u g g e s te d  t h a t  su ch  an  e f f e c t  may 
i n f l u e n c e  t h e  y i e l d  s t r e s s  o f  an  a l l o y  c o n t a i n i n g  c o h e r e n t  p r e c i p i ­
t a t e s  o f  lo w e r  s t a c k i n g - f a u l t  e n e rg y  th a n  th e  m a t r i x .  Under such  
c o n d i t i o n s  t h e  d i s l o c a t i o n  w i l l  be  a t t r a c t e d  to  t h e  p a r t i c l e  and
t h e r e f o r e  t h e  d i s l o c a t i o n  m ust be  d rag g e d  o u t  o f  t h e  p a r t i c l e s  w i t h  a
9
l o c a l  s t r e s s  g iv e n  a p p r o x im a te ly  by :
23
( 1 . 3 0 )
w here AY * ^Sfm ” YSfp> anc  ^ YSfm an(* YSfp a r e  t i^e  s t a c k i n g - f a u l t
e n e r g i e s  o f  th e  m a t r ix  and p r e c i p i t a t e  r e s p e c t i v e l y .  A c c o rd in g  to
. 9 .M a r t in  , t h i s  l e a d s  to  a v a r i a t i o n  o f  t w i th  r ,  t h e  r a d i u s  such
t h a t :
e x i s t s .  T h e r e f o r e ,  a  change  i n  e n e rg y  w i l l  be  a s s o c i a t e d  w i t h  a d i s ­
l o c a t i o n  i n t e r a c t i n g  w i t h  a p a r t i c l e  whose S h ea r  Modulus d i f f e r s  from
53t h a t  o f  t h e  m a t r i x .  K e l ly  q u o te s  a  complex e q u a t i o n  f o r  t due to  
Knowles and K e l l y ,  b u t  e s s e n t i a l l y  t h e  v a r i a t i o n  t w i t h  r  i s  g iv e n  
by e q u a t i o n  ( 1 . 3 1 ) .
54
A n s e l l  and  L e n e l  h a v e  d e v e lo p e d  a th e o r y  o f  y i e l d i n g  in  
d i s p e r s i o n  -  h a rd e n e d  a l l o y s  b a s e d  upon th e  i d e a  t h a t  p a r t i c l e s  m ust  be  
f r a c t u r e d  i n  o r d e r  to  c a u s e  g r o s s  p l a s t i c  y i e l d i n g ,  t h e  f r a c t u r e  b e in g  
p ro d u ced  by s t r e s s  c o n c e n t r a t i o n s  due  t o  d i s l o c a t i o n  p i l e - u p s  a t  t h e  
p a r t i c l e s .  The s h e a r  s t r e s s  n e e d e d  to  c a u se  e i t h e r  s h e a r  o r  f r a c t u r e  o f  
th e  d i s p e r s e d  p h a s e  p a r t i c l e  i s  i n  g e n e r a l  p r o p o r t i o n a l  to  a  s h e a r  
m odu lus ,  G’ , o f  t h e  p a r t i c l e ,  and i s  t a k e n  a s  G’ /C ,  w here  C i s  a 
c o n s t a n t  o f  p r o p o r t i o n a l i t y  a p p r o x im a te ly  eq u a l  t o  30 . A n s e l l  and 
L ene l  p r e d i c t e d  t h a t  t h e  y i e l d  s t r e s s  o f  a d i s p e r s i o n - h a r d e n e d  m a t e r i a l  
sh o u ld  obey th e  r e l a t i o n s h i p :
where i s  t h e  y i e l d  s t r e s s  o f  t h e  m a t r ix  w i th o u t  a  d i s p e r s i o n  and f  
i s  volume f r a c t i o n  o f  t h e  d i s p e r s e d  p h a s e .
1 .4 .5  The v a r i a t i o n  o f  y i e l d  s t r e s s  w i th  a g e in g  t im e
I n  c o n c l u s i o n ,  i t  m ust b e  n o t e d  t h a t  a l t h o u g h  two m ain  ty p e s  o f  
h a rd e n in g  m echanism  have  b e e n  d e s c r i b e d  -  t h a t  i n v o lv i n g  a l l o y s  
c o n t a i n i n g  s m a l l  c o h e r e n t  p a r t i c l e s  ( s a y  ^15 nm i n  d i a m e te r )  and t h a t  
c o n c e rn in g  l a r g e r  n o n - c o h e r e n t  p a r t i c l e s  w e l l  s e p a r a t e d  from  each  
o t h e r  -  an a l l o y  i s  l i k e l y  t o  e x h i b i t  i n t e r m e d ia t e  b e h a v io u r  a s  i t s  
m i c r o s t r u c t u r e  c h a n g es  d u r in g  a g e in g .
( 1 . 3 1 )
Modulus h a r d e n in g  i s  a n o t h e r  p ro p o se d  m echanism . Here th e  
en e rg y  o f  a  d i s l o c a t i o n  i s  c o n s id e r e d  a s  a f u n c t i o n  of t h e  s h e a r  
modulus o f  t h e  l a t t i c e  i n  w h ich  t h e  s t r a i n  f i e l d  o f  t h e  d i s l o c a t i o n
( 1 .3 2 )
( 0 .8 2  -  f
24
K e l ly  and N ic h o ls o n  have  sum m arised th e  change  o f  y i e l d  s t r e s s  
w i th  a g e in g  t im e  f o r  a quenched  a l l o y ,  and t h i s  i s  i l l u s t r a t e d  
s c h e m a t i c a l l y  in  F ig u r e  1 .2 0 .  I n  t h e  e a r l y  s t a g e s  o f  a g e in g  ( f u l l  
c u rv e  i n  F i g u r e  1 .2 0 ) ,  d i s l o c a t i o n s  a r e  f o r c e d  th ro u g h  th e  p a r t i c l e s ,  
and th e  work done depends  on many f a c t o r s ,  such  a s  c o h e re n c y  s t r e s s e s  
a round  t h e - p r e c i p i t a t e  e t c .  The d o t t e d  c u rv e  r e p r e s e n t s  th e  s i t u a t i o n  
when Orowan bowing becomes o p e r a t i v e ,  i e  when d i s l o c a t i o n s  can  be f o r c e d  
be tw een  th e  p a r t i c l e s ;  now a f u r t h e r  i n c r e a s e  i n  i n t e r - p a r t i c l e  
s p a c in g  (due  to  p a r t i c l e  c o a r s e n in g  a s  t h e  a l l o y  i s  o v e r - a g e d )  l e a d s  
to  a d e c r e a s e  i n  s t r e n g t h  s i n c e  t h e  y i e l d  s t r e s s  i s  i n v e r s e l y  p r o p o r t i o n a l  
t o  t h e  s p a c i n g .  However, a s  M a r t in ^ ”* h a s  s u g g e s t e d ,  when an  a l l o y  i s  
h e a t - t r e a t e d  by a p r e c i p i t a t i o n  p r o c e s s  to  maximum h a r d n e s s  a t  o r d i n a r y  
t e m p e r a t u r e s ,  t h e  p a r t i c l e - c u t t i n g  m echanism  i s  c o n t r o l l i n g  y i e l d  s t r e n g t h .
1 .5  The a lu m in iu m -c o p p e r  b i n a r y  sy s te m
The a lu m in iu m -c o p p e r  b i n a r y  sy s te m  i n c l u d e s  some o f  th e  most 
w id e ly  s t u d i e d  o f  a l l  p r e c i p i t a t i o n  h a r d e n in g  a l l o y s  and much d a t a  h av e  
been  p u b l i s h e d  c o n c e r n in g  th e  c h a r a c t e r i s a t i o n  o f  m i c r o s t r u c t u r e s  i n  
r e l a t i o n  to  t h e i r  p r o p e r t i e s .  T h is  work w i l l  be rev ie w e d  in  th e  
f o l l o w in g  s e c t i o n s .
1 .5 .1  P r e c i p i t a t i o n  h a r d e n in g  b e h a v io u r
As m e n t io n e d  i n  s e c t i o n  1 .2 ,  th e  b a s i c  r e q u i r e m e n t  f o r  an a l l o y  to  
r e s p o n d  to  a g e - h a r d e n in g  t r e a t m e n t s  i s  a d e c r e a s e  i n  s o l i d  s o l u b i l i t y  of 
one ,  o r  m ore , o f  t h e  a l l o y i n g  e le m e n t s  w i th  d e c r e a s e  i n  t e m p e r a t u r e ,  a s  
shown i n  t h e  b i n a r y  p h a se  d ia g r a m ,  F i g u r e  1 .2,1 r As r e g a r d s  th e  a l l o y i n g  
e le m e n t  c o p p e r ,  i t s  maximum s o l i d  s o l u b i l i t y  i n  a lum in ium  i s  5 .6 5  wt% a t  
548°C, d e c r e a s i n g  t o  l e s s  t h a n  0 .0 2  wt% a t  room t e m p e r a t u r e .  Thus, i f  
an a l l o y  c o n t a i n i n g  up t o  ^  5 wt% c o p p e r  i s  s o l u t i o n  t r e a t e d  w i t h i n  
th e  s i n g l e  p h a s e  r e g i o n  (a)  and q u e n c h e d ,  t h e n  a g e in g  o f  an i n t e r ­
m e d ia te  t e m p e r a t u r e  ( s a y ,  20 -400°C ) w i l l  c a u s e  p r e c i p i t a t e s  to  fo rm  w i t h  
an a t t e n d a n t  i n c r e a s e  i n  a l l o y  s t r e n g t h .  A geing  t e m p e r a tu r e s  f o r  
com m erc ia l  a lu m in iu m -c o p p e r  a l l o y s  r a n g e  from  100 t o  2 0 0 °C.
T y p ic a l  h a r d e n in g  c u rv e s  f o r  a lu m in iu m -c o p p e r  a l l o y s  a r e  i l l u s ­
t r a t e d  i n  F i g u r e  1 .2 2 .  F i g u r e  1 .2 2 ,  t a k e n  from  th e  work o f  G a y le r  and 
P a r k h o u s e ^  shows t h e  e f f e c t  o f  an i n c r e a s e  i n  a g e in g  t e m p e r a tu r e s  on 
th e  fo rm  o f  th e  h a r d e n in g  c u r v e .  I n  a l l  c a s e s  a t w o - s t a g e  h a r d e n in g  
c u rv e  was o b s e r v e d ,  w i th  peak  h a r d n e s s  d e c r e a s i n g  a s  a g e in g  t e m p e r a t u r e  













Figure 1.20 Variation of yield stress with ageing time for 





















Figure 1.21 Al-Cu phase diagram showing the metastable 
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F igure  1.22 E f f e c t  o f  t e m p era tu re  and s o lu t e  c o n t e n t  on
p r e c i p i t a t i o n  hardening behaviour in b ina ry  Al-Cu 
a l l o y s ;  (a) E f f e c t  o f  ageing t e m pera tu re  (from G ay le r  
and Parkhouse [56] )  , (b) e f f e c t  o f  i n c r e a s i n g  Cu 
con ten t  ( A f t e r  S i lc o ck  et a l  [ 5 7 ] ) .
p r e c i p i t a t i o n  to o k  p l a c e  by s im p le  n u c l e a t i o n  and g row th  o f  an  e q u i l i ­
b r iu m  p h a se  from  s o l i d  s o l u t i o n  b u t  such ch an g es  a r e  found  o n ly  a t  low 
s u p e r s a t u r a t i o n s  and h i g h  a g e in g  t e m p e r a t u r e s ^ .  At h i g h e r  s u p e r ­
s a t u r a t i o n s  and lo w e r  a g e in g  t e m p e r a tu r e s  an  a l l o y  may show two o r  more 
a g e - h a r d e n i n g  p e a k s .  S i l c o c k ,  Heal and Hardy"*^ found  t h i s  t o  be th e  
c a s e  f o r  d i f f e r i n g  d e g r e e s  o f  s u p e r s a t u r a t i o n ,  F i g u r e  1 .2 2 ( b ) .  An 
A l-2  wt%Cu a l l o y  showed a s i n g l e  h a rd n e s s  p eak  b e c a u s e  o f  t h e  low s u p e r ­
s a t u r a t i o n  o f  s o l u t e ,  w h e re a s  a l l o y s  c o n t a i n i n g  ^ 4 . 0  wt% c o p p e r  
e x h i b i t e d  t w o - s t a g e  h a r d e n i n g  c u r v e s ,  w i th  a  p l a t e a u  r e g i o n  be tw een  th e  
two " p e a k s " .  The h a r d n e s s  b e g in s  t o  f a l l  w i th  i n c r e a s e  i n  a g e in g  t im e  
b e c a u s e  t h e  p r e c i p i t a t e s  a r e  c o a r s e n in g  and th e  a v e r a g e  i n t e r p a r t i c l e  
s p a c in g  i s  i n c r e a s i n g  a c c o r d i n g l y .
1 .5 .2  M i c r o s t r u c t u r e
E x te n s iv e  m i c r o s t r u c t u r a l  s t u d i e s  h av e  b e e n  made on t h e  Al-Cu 
b i n a r y  s y s te m ,  u s in g  b o t h  X - ra y  and e l e c t r o n  d i f f r a c t i o n ,  and i t  i s  
now e s t a b l i s h e d  t h a t  p r e c i p i t a t i o n  h a rd e n in g  o f  su c h  a l l o y s  i n v o lv e s  th e  
f o r m a t i o n  o f  a  number o f  i n t e r m e d i a t e ,  o r  m e t a s t a b l e ,  p r e c i p i t a t e s  p r i o r  
to  t h e  f o r m a t i o n  o f  t h e  e q u i l i b r i u m  p h a s e ,  0 (CUAI2 ) . T h is  se q u en c e  
may be  e x p r e s s e d  in  t h e  fo rm :
GP z o n e s  -► 0" 0 f ->0 (CUAI2 )
The GP z o n e s ,  so c a l l e d  a f t e r  in d e p e n d e n t  o b s e r v a t i o n s  o f  s o l u t e
. . 5 6c l u s t e r i n g  i n  a lu m in iu m -c o p p e r  a l l o y s  by G u in i e r  and P r e s t o n  , a r e
e s s e n t i a l l y  c o p p e r - r i c h  c l u s t e r s  i n  th e  a lum in ium  l a t t i c e .  They a r e  
f u l l y  c o h e r e n t  w i t h  t h e  m a t r i x  and t h e r e f o r e  h av e  a v e r y  low i n t e r ­
f a c i a l  e n e r g y .  They fo rm  on {100} a lum inium  m a t r i x  p l a n e s  a s  d i s c s  
s i n c e  t h i s  i s  a  c o n d i t i o n  i n  w hich th e y  can  m in im iz e  t h e i r  s t r a i n
e n e rg y  by fo rm in g  p e r p e n d i c u l a r  t o  th e  e l a s t i c a l l y  s o f t  <100> d i r e c t i o n s
58in  t h e  f a c e - c e n t r e d  c u b ic  m a t r i x .  G ero ld  d e v e lo p e d  t h e  a rg u m en ts  o f
G u in ie r '*  and P r e s t o n ^  and  p r o p o se d  t h a t  t h e  GP z o n e s  c o n s i s t e d  o f  a
. 59s i n g l e  d i s c  o f  c o p p e r  a to m s ,  F ig u r e  1 .2 3 .  N ic h o ls o n  and  N u t t in g  
have  o b s e rv e d  GP z o n e s  i n  a n  A l - 1 .7  wt% Cu aged  a t  low t e m p e r a t u r e s  and
found  them t o  be  ^  0 . 3 - 0 . 6  nm w ide  w i th  d i a m e te r s  up t o  ^  8 nm, i n  a
good a g re e m e n t  w i th  t h e  X - ra y  r e s u l t s  of G u i n i e r ^ * ^  and G e ro ld “*^.
As a g e in g  c o n t i n u e s  t h e  p h a se  0" form s a s  f u l l y  c o h e r e n t  p l a t e l i k e  
p r e c i p i t a t e s  on l a t t i c e  p l a n e s  w i th  t h e  f o l l o w i n g  o r i e n t a t i o n
r e l a t i o n s h i p :
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1.23 S t r u c t u r e  o f  a GP zone accord ing  t o  Gerold [58 ] .
(001)e„l (001)A1 
1001]6„| [100]A1
The 0" p h a s e  h a s  a  f a c e - c e n t r e d  t e t r a g o n a l  s t r u c t u r e  w i th  a  = b = 0 .4 0 4  nm
and c = 0 .7 6 8  nm and  th e  a to m ic  a r r a n g e m e n t  i s  shown i n  F ig u r e  1 . 2 4 ( a ) .
I t  was f i r s t  d e t e c t e d  by G u i n i e r ^  and c a l l e d  GP(2) zones  by
S i l c o c k  e t  a l ^  b u t  N ic h o ls o n  e t  a l ^  s u g g e s t e d  t h e  symbol 0" would
be  more a p p r o p r i a t e  s i n c e  t h e  p h ase  h a s  a  d e f i n i t e  c r y s t a l  s t r u c t u r e ,
n o t  a  s im p le  p e r t u r b a t i o n  o f  t h e  m a t r ix  s t r u c t u r e ,  a s  i n  th e  c a s e  o f  
6 2GP z o n e s .  Hardy o b s e rv e d  tw o - s t a g e  h a r d e n i n g  b e h a v io u r  in
A l - 3 . 5 / 4 .5  wt% Cu a l l o y s  aged a t  110°C and 130°C, a  r e s u l t  c o n s i s t e n t
63w i th  t h e  s e q u e n t i a l  f o r m a t io n  o f  two d i s t i n c t  p h a s e s .  Y osh ida  e t  a l
have  r e p o r t e d  t h a t  weak-beam images o f  6n w ere  q u a l i t a t i v e l y  s i m i l a r  to
t h o s e  o b t a i n e d  f ro m  GP zones  b u t  t h a t  t h e y  w ere  c o n s i s t e n t l y  w i d e r .
58T h is  s u p p o r t s  t h e  model o f  G e ro ld  f o r  0 " :  two l a y e r s  o f  c o p p e r  atom s
s e p a r a t e d  by t h r e e  l a y e r s  o f  a lum in ium  a to m s .  0" i s  hom ogeneously
64d i s t r i b u t e d ,  and d i r e c t  q uench ing  e x p e r im e n t s  h a v e  i n d i c a t e d  t h a t  
GP z o n e s  p l a y  a r o l e  i n  i t s  n u c l e a t i o n .  0" p r e c i p i t a t e s  a r e  d e t e c t a b l e  
by v i r t u e  o f  t h e  c o h e r e n c y - s t r a i n  f i e l d s  c a u se d  by t h e  m i s f i t  w i t h  th e  
a lum in ium  p e r p e n d i c u l a r  to  th e  0 M p l a t e l e t s .  The d i s t o r t i o n  o f  t h e  
m a t r ix  l a t t i c e  n e a r  a  c o h e r e n t  0" p r e c i p i t a t e  i s  i l l u s t r a t e d  in  
F i g u r e  1 . 2 4 ( b ) ,  t h e  d o t t e d  l i n e  i n d i c a t e s  t h e  a p p ro x im a te  e x t e n t  o f  th e  
s t r a i n  f i e l d ^ .  As t h e  peak  h a r d n e s s  *is a p p ro a c h e d  t h e  m i c r o s t r u c t u r e  
o f  Al-Cu a l l o y s  c o n s i s t s  of a  h ig h  d e n s i t y  o f  0" p r e c i p i t a t e s  w i th  
s t r a i n  f i e l d s  s t r e t c h i n g  from  one p r e c i p i t a t e  t o  a n o t h e r .
F u r t h e r  a g e in g  r e s u l t s  i n  t h e  f o r m a t i o n  o f  t h e  0 f p h a s e ,  w hich
i s  t e t r a g o n a l  ( a  = b = 0 .4 0 4  nm, c = 0 .5 8  nm ), h a s  an  a p p ro x im a te
c o m p o s i t io n  o f  CuAl2 and th e  same o r i e n t a t i o n  r e l a t i o n s h i p  w i th  t h e
m a t r ix  a s  0 " .  The a to m ic  a r ra n g e m e n t  i s  shown i n  F i g u r e  1 . 2 5 ( a ) .
I n i t i a l l y  0* was th o u g h t  t o  n u c l e a t e  on 0" b u t  Thomas and Nutting^"* showed
t h a t  h e l i c a l  d i s l o c a t i o n s  i n  t h e  quenched  a l l o y  a c t  a s  p r e f e r e n t i a l
n u c l e a t i o n  s i t e s  f o r  0* p r e c i p i t a t e s .  N ic h o ls o n  u se d  e l e c t r o n
m ic ro sc o p y  t o  s tu d y  t h e  a c t u a l  n u c l e a t i o n  p r o c e s s  and  found  t h a t  o n ly
c e r t a i n  0 1 o r i e n t a t i o n s  a r e  p r e s e n t  i n  e a c h  a r r a y  o f  p r e c i p i t a t e s  a t
t h e s e  h e l i c a l  d i s l o c a t i o n s ,  c o n f i r m in g  e a r l i e r  s u g g e s t i o n s T h e
i n i t i a l  d i s p e r s i o n  o f  0 '  i s  h i g h l y  h e t e r o g e n e o u s  and  r e f l e c t s  t h e
d i s l o c a t i o n  d i s t r i b u t i o n  i n  t h e  a s -q u e n c h e d  a l l o y s .  A c c o rd in g  t o  
69L o r im e r  a s  a g e in g  p ro c e e d s  b a n d s  o f  0* fo rm  on t h e  i n i t i a l  l i n e s  o f  
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( b )
F ig u re  1.24 (a) Atomic arrangement i n  0*'(OrAl ,#=Cu).
(b) D i s t o r t i o n  of  the  aluminium l a t t i c e  due to  ©"(from 
Kelly  and Nicholson [ 1 5 ] ) .
( a)
F ig u re  1.25 (a) Atomic s t r u c t u r e  in  a 0' p r e c i p i t a t e ,  
(b) Atomic s t r u c t u r e  in  a 0 p r e c i p i t a t e  . 
(o=Al,*=Cu)
a g e in g  p r o g r e s s e s  u n t i l  a m o d e r a te ly  u n i fo rm  d i s t r i b u t i o n  o f  0 ’ has
form ed th ro u g h o u t  a  g r a i n .  T h is  p r o c e s s  i s  in d e p e n d e n t  o f  th e
p r e s e n c e  o f  GP z o n e s  o r  0 ’ . For t y p i c a l  a g e in g  c o n d i t i o n s ,  C a h n ^
78h a s  c a l c u l a t e d  t h a t  d i s l o c a t i o n  n u c l e a t i o n  i s  10 f a s t e r  th a n  
homogeneous n u c l e a t i o n .
The e q u i l i b r i u m  p h a s e ,  0 , i s  b o d y - c e n t r e d  t e t r a g o n a l  w i th  
a  = 0 .6066  nm and c = 0 .4874  nm, see  F ig u r e  1 .2 5 ( b ) .  I t  h a s  th e
a p p ro x im a te  c o m p o s i t i o n  CuAl2 and i s  i n c o h e r e n t  w i th  t h e  a lum in ium
m a t r i x .  N u c l e a t io n  o f  6 t a k e s  p l a c e  h e t e r o g e n e o u s l y  a t  e i t h e r
4 . 700 ' / m a t r i x  i n t e r f a c e s  , o r  a t  g r a i n  b o u n d a r ie s
I t  sh o u ld  b e  n o t e d  t h a t  th e  f u l l  s t r u c t u r a l  s e q u en c e  o f  GP 
zones and t r a n s i t i o n  p r e c i p i t a t e s  w i l l  be  o b s e rv e d  o n ly  when th e  a l l o y  
i s  aged a t  a t e m p e r a t u r e  b e lo w  th e  GP zone s o lv u s  ( s e e  F i g u r e  1 . 2 ) .
F o r  exam ple ,  i f  a g e in g  i s  c a r r i e d  o u t  a t  a t e m p e ra tu re  above  th e  0" 
s o lv u s  b u t  b e lo w  t h e  0 '  s o l v u s ,  t h e  f i r s t  p r e c i p i t a t e  form ed w i l l  be 
0 ’ , h e t e r o g e n e o u s l y  n u c l e a t e d  on d i s l o c a t i o n s .  I f  a g e in g  i s  c a r r i e d  
o u t  above th e  0 1 s o l v u s ,  t h e  o n ly  p o s s i b l e  p r e c i p i t a t e  i s  0 w hich  
n u c l e a t e s  and grow s a t  g r a i n  b o u n d a r i e s .  A l s o ,  i f  an a l l o y  c o n t a i n i n g  
GP zones  i s  h e a t e d  ab o v e  th e  GP zones  s o lv u s  t h e  zones w i l l  d i s s o l v e ,  
an  e f f e c t  known a s  r e v e r s i o n .
1 .5 .3  E f f e c t  o f  a d d i t i o n a l  e le m e n ts  on m i c r o s t r u c t u r e  and 
p r e c i p i t a t i o n - h a r d e n i n g  b e h a v io u r  o f  Al-Cu a l l o y s
I t  i s  w e l l  known t h a t  s m a l l  a d d i t i o n s  o f  e le m e n ts  may m od ify  th e  
n u c l e a t i o n  o f  p r e c i p i t a t e s  and s i g n i f i c a n t l y  e f f e c t  t h e  s t r u c t u r e  and 
p r o p e r t i e s  o f  a g e - h a r d e n i n g  a l l o y s .  Mechanisms by w hich  t r a c e  a d d i ­
t i o n s  may m odify  p r e c i p i t a t e  n u c l e a t i o n  have  b een  re v ie w e d  by P o lm ear  \  
Changes in  n u c l e a t i o n  c a n  a r i s e  f o r  a  number o f  r e a s o n s  i n c l u d i n g :
(a )  p r e f e r e n t i a l  i n t e r a c t i o n  w i th  v a c a n c i e s  w hich  r e d u c e s  t h e
r a t e  o f  n u c l e a t i o n  o f  GP z o n e s ;
(b )  r a i s i n g  t h e  GP zone s o lv u s  w hich a l t e r s  t h e  t e m p e r a t u r e
r a n g e s  o v e r  w h ic h  p h a s e s  a r e  s t a b l e ;
(c )  s t i m u l a t i n g  t h e  n u c l e a t i o n  o f  an e x i s t i n g  p r e c i p i t a t e  by
re d u c in g  t h e  i n t e r f a c i a l  e n e rg y  be tw een  p r e c i p i t a t e  and m a t r i x ;
(d )  p ro m o t in g  t h e  f o r m a t io n  o f  a  d i f f e r e n t  p r e c i p i t a t e .
A lthough  t r a c e  e le m e n t  e f f e c t s  have  b e e n  w id e ly  s t u d i e d  o n ly  
l i m i t e d  p r o g r e s s  h a s  b e e n  made i n  e s t a b l i s h i n g  r u l e s  g o v e rn in g  t h e i r  
b e h a v io u r .  I n  some c a s e s  t h e  t r a c e  e le m en t  e f f e c t  a p p e a r s  u n iq u e  t o  a
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p a r t i c u l a r  a l l o y  sy s tem  w hereas  in  o t h e r s  t h e  same t r a c e  e le m en t  may 
s t i m u l a t e  f u r t h e r  p r e c i p i t a t e  n u c l e a t i o n  i n  s e v e r a l  s y s te m s .
W ith r e g a r d  t o  th e  Al-Cu b i n a r y  s y s te m ,  th e  e f f e c t  o f  t r a c e  
e le m e n ts  (0 .01  t o  0 .1  at%) i s  r e v ie w e d  and t h i s  i s  fo l lo w e d  by a 
d i s c u s s i o n  o f  th e  e f f e c t s  o f  m ino r  a l l o y i n g  a d d i t i o n s  (up t o  1 a t% ) .
1 .5 .3 .1  E f f e c t  of  t r a c e  e l e m e n t s  (<0 .1  at%)
The e f f e c t  o f  th e  p r e s e n c e  o f  t r a c e  e le m e n ts  in  a lum in ium  a l l o y s
72-74h a s  b e e n  e x t e n s i v e l y  s t u d i e d  by H ardy  and c o -w o rk e rs  from  which i t  
73was c o n c lu d e d  t h a t  t h e  s o - c a l l e d  n o rm a l p r e c i p i t a t i o n  se q u en ce  m  an 
a l l o y  may be c r u c i a l l y  d e p e n d en t  on t r a c e  e le m e n ts  a t  th e  i m p u r i ty  
l e v e l .
A d d i t io n s  o f  cadmium, in d iu m , t i n ,  magnesium and s i l v e r  r e d u c e ,  
o r  i n h i b i t ,  GP zone f o r m a t i o n ^ . I n d e e d ,  m ino r  a d d i t i o n s  o f  cadmium, 
t i n  o r  ind ium  a lm o s t  c o m p le te ly  s u p p r e s s  t h e  GP zone in  th e  a g e in g  
s e q u e n c e .  S i l c o c k ^ ”* and Kimura and  H a s i g u t i ^  s u g g e s t  t h a t  th e  t r a c e  
e le m e n ts  m ig h t  t r a p  e x c e s s  v a c a n c i e s  and t h e r e b y  re d u c e  th e  r a t e  o f  
zone f o r m a t io n  s i n c e  GP zone f o r m a t i o n  depends  on v a c a n c y - a id e d  
d i f f u s i o n  o f  c o p p e r  a to m s .  They t e s t e d  t h e  th e o r y  by m e a s u r in g  th e  
r e s i s t i v i t y  change  a f t e r  an Al-1 a t% C u-0 .006  at%Sn a l l o y ,  f i n d i n g  t h a t  
i t  was much s lo w e r  th a n  f o r  th e  p u r e  b i n a r y  a l l o y .  They c o n c lu d e d ,  
t h e r e f o r e ,  t h a t  t h e  m a j o r i t y  o f  v a c a n c i e s  w ere  bound to  t i n  atom s 
l e a d i n g  t o  a r e d u c e d  r a t e  o f  d i f f u s i o n  o f  c o p p e r  atoms t o  fo rm  GP z o n e s .
T ra ce  e le m e n t  a d d i t i o n s  a l s o  i n c r e a s e  t h e  n u c l e a t i o n  r a t e  o f
0 ’ i n  A l-Cu a l l o y s .  S i l c o c k ,  H ea l  and  H a r d y ^  have i n v e s t i g a t e d  th e
e f f e c t  o f  ind ium  a d d i t i o n  to  an  A l-Cu a l l o y  u s in g  X -ray  d i f f r a c t i o n .
They c o n f i rm e d  t h a t  t h e  f o r m a t io n  o f  GP zones  and 0M were v i r t u a l l y
s u p p r e s s e d  and fou n d  t h a t  th e  p r e c i p i t a t i o n  o f  0* was accom panied  by
th e  a p p e a r a n c e  o f  some anomoloms d i f f r a c t i o n  e f f e c t s  w hich w ere  n o t
r e l a t e d  t o  th e  0 f o r  a lum in ium  d i f f r a c t i o n  s p o t s .  The d i f f r a c t i o n
e f f e c t s  were a t t r i b u t e d  to  a  new i n t e r f a c e  s t r u c t u r e  form ed be tw een  0 1
and th e  m a t r i x  s t r u c t u r e s  by th e  a b s o r p t i o n  o f  t r a c e  e l e m e n t s .  Cadmium
and t i n  show s i m i l a r  e f f e c t s .  The c o n seq u e n c e  o f  t h e s e  t r a c e  e le m en t
a d d i t i o n s  i s  t h e  d e n se  p r e c i p i t a t i o n  o f  0 '  and s i g n i f i c a n t l y  h i g h e r
78s t r e n g t h  p r o p e r t i e s  compared t o  t h e  b i n a r y  Al-Cu a l l o y s  . S i l v e r ,  on 
t h e  o t h e r  h a n d ,  h a s  l i t t l e  o r  no e f f e c t  on 0 ’ p r e c i p i t a t i o n .
C o m b in a t io n s  o f  e le m e n ts  may a l s o  m od ify  0* p r e c i p i t a t i o n .
79 . . . .
Brook and H a t t  showed t h a t  j o i n t  a d d i t i o n s  o f  magnesium p l u s  s i l i c o n
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a n d ,  more p a r t i c u l a r l y ,  magnesium p l u s  germanium s low  down th e  r a t e  
o f  c o a r s e n in g  o f  0 ’ on p ro lo n g e d  a g e in g .
1 . 5 . 3 . 2  E f f e c t  o f  m in o r  a d d i t i o n s  (<1 at%)
Many b i n a r y  a l l o y s  c o n t a i n ,  e i t h e r  a d v e n t i t i o u s l y  o r  by d e s i g n ,  
a  s m a l l  q u a n t i t y  (eg  0 .5  -  1 .0  wt%) f o r  a t h i r d  e l e m e n t .  T h is  e le m en t  
may be  p r e c i p i t a t e d  a s  c o a r s e  p a r t i c l e s  o f  an i n t e r m e t a l l i c  compound 
i n s o l u b l e  a t  t h e  h o m o g e n iz a t io n  t e m p e r a t u r e ,  in  w hich c a s e  i t  w i l l  
h a v e  l i t t l e  e f f e c t  on th e  p r e c i p i t a t i o n  p r o p e r t i e s  o f  t h e  a l l o y s .  
A l t e r n a t i v e l y ,  m in o r  a d d i t i o n s  o f  e le m e n ts  may change th e  p r e c i p i t a t i o n  
s e q u e n c e  by a l t e r i n g  th e  s o l u b i l i t y  o f  t h e  p r i n c i p a l  a l l o y i n g  e le m e n t  
o r  by p ro m o t in g  th e  f o r m a t io n  o f  some p r e c i p i t a t e  s p e c i f i c  t o  th e  
t e r n a r y  a l l o y .
A number o f  i n v e s t i g a t i o n s  h a v e  b een  made on t h e  e f f e c t  o f
90m in o r  a d d i t i o n s  t o  t h e  Al-Cu s y s te m .  F in k  e t  a l  c o n s id e r e d  a d d i t i o n s
o f  up t o  1 wt% o f  t h e  e le m e n ts  s i l i c o n ,  m anganese ,  i r o n  and  magnesium
t o  A l-4  wt%Cu a l l o y s .  They found  t h a t  up to  0 .5  wt% o f  s i l i c o n  had
l i t t l e  e f f e c t  on t h e  a g e - h a r d e n in g  b e h a v i o u r ,  c o n f i r m in g  m easu rem en ts  
81 82made by F r a e n k l  and G a y le r  . S i m i l a r l y ,  up to  0 .5  wt% m anganese had
l i t t l e  e f f e c t ,  b u t  amounts g r e a t e r  th a n  t h i s  r e d u c e d  t h e  e x t e n t  o f
a g e i n g .  A l l  a d d i t i o n s  o f  i r o n  w ere  found  t o  d e c r e a s e  t h e  a g e - h a r d e n in g
p o t e n t i a l  o f  t h e  b i n a r y  a l l o y .  T h is  i s ,  p e r h a p s ,  n o t  s u r p r i s i n g  s i n c e
i r o n  and c o p p e r  form  a compound w i t h  a lum in ium , Cu2 A lF e 7 , w hich  i s
i n s o l u b l e  a t  t h e  s o l u t i o n  t r e a t m e n t  t e m p e r a tu r e s  u s e d  f o r  hom ogen i-
83s a t i o n  o f  a lum in ium  a l l o y s  . I t  m ust be  p o i n t e d  o u t  t h a t  t h e s e  e a r l y  
i n v e s t i g a t i o n s  w ere  somewhat ham pered  by , th e  l a c k  o f  e l e c t r o n  m ic ro sc o p y  
f o r  a d e t a i l e d  s t r u c t u r a l  a n a l y s i s  i n t o  th e  c a u se s  and  e f f e c t s  o f  such  
m in o r  e l e m e n t a l  a d d i t i o n s .
84M ondolfo  q u o te d  s e v e r a l  r e f e r e n c e s  which a l l  s u g g e s t e d  t h a t
a d d i t i o n s  o f  up t o  1 wt% z in c  had  no a p p r e c i a b l e  e f f e c t  on th e  a g e -
h a r d e n in g  b e h a v io u r  o f  Al-Cu b i n a r y  a l l o y s .  However, A rkha rov  and 
84Magat s u g g e s t e d  t h a t  z in c  may r e t a r d  a g e in g  m  t h e  e a r l y  s t a g e ,  
a l t h o u g h  t e n d in g  t o  a c c e l e r a t e  t h e  breakdow n o f  t h e  A l-C u  s o l i d  
s o l u t i o n  i n  l a t e r  s t a g e s .
R e p o r te d  e f f e c t s  o f  s i l v e r  a d d i t i o n s  a r e  s i m i l a r  t o  t h o s e  f o r
z i n c .  M odest im provem ents  i n  p r o p e r t i e s  were o b s e rv e d  when s m a l l
am ounts o f  s i l v e r  a r e  ad d e d ,  a l t h o u g h  c o r r o s i o n  r e s i s t a n c e  was 
84lo w ered  . The p h a s e s  0" and 0* form ed on a g e in g  w i th  t h e  same
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o r i e n t a t i o n  r e l a t i o n s h i p  be tw een  t h e  m a t r ix  and p r e c i p i t a t e s  a s
86 87 85q u o te d  f o r  th e  b i n a r y  a l l o y  * . K hatonova  and Z akharova
s u g g e s te d  t h a t  th e  r a t e  o f  f o r m a t i o n  o f  GP zones  and 0" was s lo w e r ,  
w i th  s m a l l e r  and more num erous zones  th a n  in  th e  b i n a r y  a l l o y .  How­
e v e r ,  i t  m ust be n o te d  t h a t  t h e i r  a l l o y  c o n ta i n e d  7 wt% s i l v e r  and 
c o m p e t i t i v e  “p r e c i p i t a t i o n  m igh t h av e  been  p l a y i n g  an im p o r ta n t  r o l e  
s i n c e  th e y  a l s o  o b s e rv e d  s p h e r i c a l  GP zones  and d i s c - s h a p e d  Y1 
p r e c i p i t a t e s  on {111} a lum in ium  m a t r i x  p l a n e s ,  a s  fou n d  i n  th e  
b i n a r y  Al-Ag s y s t e m ^ .
W ith t h e  e x c e p t io n  o f  i r o n ,  w hich  fo rm s a  compound w i th  
c o p p e r  w h ich  i s  i n s o l u b l e  a t  s o l u t i o n  t r e a t m e n t  t e m p e r a t u r e s ,  sm a l l  
a d d i t i o n s  o f  e le m e n ts  such  as  S i ,  Mn, Zn and Ag a r e  g e n e r a l l y  
r e p o r t e d  a s  h a v in g  l i t t l e  e f f e c t  on th e  p r e c i p i t a t i o n  h a r d e n in g  
b e h a v io u r  o f  Al-Cu b i n a r y  a l l o y s .  The e f f e c t s  o f  s m a l l  a d d i t i o n s  o f  
magnesium  w i l l  be r ev ie w e d  i n  t h e  f o l l o w i n g  s e c t i o n s .
1 .6  The Al-Cu-Mg t e r n a r y  sy s tem
The e f f e c t  o f  d i f f e r e n t  am ounts o f  m agnesium  (up to  4 wt%) to
Al-Cu a l l o y s  have  been  e x t e n s i v e l y  s t u d i e d  s i n c e  t h e  f i r s t  d i s c o v e r y
2o f  p r e c i p i t a t i o n  h a rd e n in g  by Wilm m  1906 . Such a l l o y s  have  wide
i n d u s t r i a l  u s e s  and a r e  known a s  t h e  "D u ra lu m in 11 f a m i ly  o f  a l l o y s .
88 89 80 90E a r ly  s t u d i e s  by A rc h e r  , P e t r o v  , F in k  e t  a l  and G a y le r
a l l  a g re e d  t h a t  a d d i t i o n s  o f  magnesium to  an Al-Cu b i n a r y  a l l o y
i n c r e a s e  t h e  r a t e  of a g e in g  and a l s o  i n c r e a s e  t h e  d e g re e  o f  h a r d e n in g ,
compared w i th  t h e  b i n a r y  a l l o y .  However, t h e s e  w o rk e rs  d i s a g r e e d  on
89 . .t h e  r o l e  o f  magnesium. A rc h e r  s u g g e s t e d  t h a t  a d d i t i o n s  o f
m agnesium expand th e  a lu m in iu m - r ic h  s o l i d  s o l u t i o n ,  t h e r e b y  a l lo w in g
f a s t e r  d i f f u s i o n  and hen ce  more r a p i d  p r e c i p i t a t i o n  o f  CuAl2 *
89P e t r o v  p ro p o se d  t h a t  when magnesium  i s  p r e s e n t  i n  a l  A l-Cu a l l o y ,
a com plex compound AlsCu2 Mg2 p r e c i p i t a t e s  d u r i n g  room te m p e r a tu r e
80a g e in g .  F in k  e t  a l  b e l i e v e d  t h a t  p r e c i p i t a t i o n  o f  t h e  8 1 p h ase
( p r e s e n t  i n  Al-Mg b i n a r y  a l l o y s )  was t h e  c a u s e  o f  i n c r e a s e d
91h a r d e n i n g .  More r e c e n t l y  E n t w i s t l e  e t  a l  h av e  shown t h a t  sm a l l  
a d d i t i o n s  (< 0 .0 5  at%) o f  magnesium have  l i t t l e  e f f e c t  on th e  
p r e c i p i t a t i o n  h a rd e n in g  b e h a v io u r ,  w h i l s t  c o n c e n t r a t i o n s  o f  magne­
sium  above  0 .1  at% a c c e l e r a t e  t h e  h a r d n e s s  i n c r e a s e  o b s e rv e d  on 
a g e in g .
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84 .I t  i s  now e s t a b l i s h e d  t h a t  i n  a l l o y s  w i th  a r a t i o  o f  Cu:Mg
g r e a t e r  8 :1  (wt%) th e  m ain  h a r d e n i n g  a g e n t  i s  th e  p r e c i p i t a t i o n  o f
C11A I 2 , i e  t h e  a g e in g  se q u e n c e  f o l l o w s  t h a t  f o r  t h e  Al-Cu b i n a r y
sy s te m . F o r  Cu:Mg r a t i o s  i n  t h e  r a n g e  8:1 to  4 :1 b o th  CuAJ^ and CuMgAJ^ ty P e
p r e c i p i t a t e s  a r e  p ro d u c e d  upon a g e in g .  F o r  r a t i o s  g r e a t e r  th a n  4 :1
84th e  h a r d e n in g  i s  due e n t i r e l y  to  p r e c i p i t a t i o n  o f  t h e  p h a se  CuMgAl2 •
A s e c t i o n  of t h e  t e r n a r y  Al-Cu-Mg p h a s e  d ia g ra m  a t  460°C and 
190°C a c c o r d in g  to  Polm ear^  i s  shown in  F i g u r e  1 .2 6 .  A l lo y s  w i th  
Cu:Mg r a t i o s  g r e a t e r  t h a n  4 :1  g e n e r a l l y  l i e  w i t h i n  t h e  a - s  p s e u d o ­
b i n a r y  p o r t i o n  o f  t h e  p h a s e  d ia g ra m  a t  190°C. The S p h a se  was shown
92by P e r l i t z  and W estg ren  t o  have  t h e  c o m p o s i t io n  A l 2 CuMg and to  
f a c e - c e n t r e d  o r th o rh o m b ic  (* CT f a c e  c e n t r e )  w i th  a = 0 .4 0 0  nm, 
b = 0 .0 2 3  nm and c = 0 .7 1 4  nm. On a g e in g  s u p e r s a t u r a t e d  s o l u t i o n s  o f  
t h e s e  a l l o y s  t h e  se q u e n c e  o f  p r e c i p i t a t e s  i s  s i m i l a r  t o  t h a t  f o r  t h e  
b i n a r y  a l l o y ,  i e
SSSS + GP(B) z o n e s  -► S ’ -► S (A l2CuMg)
93S i l c o c k  h as  s u g g e s t e d  t h a t  t h e  GP zones  a r e  p r o b a b ly  c o p p e r -
r i c h  and b a s e d  on th e  i n t e r m e t a l l i c  compound Mg2 A lsC u 5 . X -ray
d i f f r a c t i o n  d a t a  i n d i c a t e d  t h a t  t h e s e  zones c o u ld  be  a p p ro x im a te ly
in d ex e d  a s  a  f a c e - c e n t r e d  t e t r a g o n a l  c e l l  w i th  a  = b = 0 .5 5  nm and
c = 0 .4 0 4  nm. S i l c o c k  s u g g e s t e d  t h a t  t h e  zo n es  a r e  n e e d le - s h a p e d  o f
94l e n g t h  4 -8  nm and d i a m e te r  1-2 nm. However, G e ro ld  and H a b e rk o m  
c o n s id e r e d  t h a t  th e  s t r u c t u r e  c o n s i s t e d  o f  s m a l l  s p h e r i c a l  zones  
1-2 nm d i a m e te r )  c o n t a i n i n g  o r d e r e d  Mg and Cu p l a n e s  p a r a l l e l  t o  
{100} a lu m in iu m  l a t t i c e  p l a n e s .
C o n t in u e d  a g e in g  r e s u l t s  i n  t h e  f o r m a t io n  o f  t h e  S f p h a s e ,
w hich i s  o r th o rh o m b ic  w i t h  a  = 0 .4 0 4  nm, b = 0 .9 2 5  nm and
93 -95c = 0 .7 1 8  nm. S i l c o c k  and B a g a ry a ts k u  h a v e  shown t h a t  t h e
o r i e n t a t i o n  r e l a t i o n s h i p  o f  S* w i th  t h e  a lum in ium  m a t r i x  i s :
[1 0 0 ]S 'I [ 100]A1, [OlOJg'I [021 ]A1, [001 ] s ’|| [012]A1
The S ' p r e c i p i t a t e s  grow a s  l a t h s  on {210} a lum in ium  m a t r ix  p l a n e s ,
96w i th  g ro w th  m  <100> d i r e c t i o n s  , and a r e  s e m i - c o h e r e n t . They
n u c l e a t e  h e t e r o g e n e o u s l y  upon  d i s l o c a t i o n  lo o p s  and h e l i c e s  fo rm ed  
97d u r in g  t h e  quench  , and a s  th e y  grow m  s i z e ,  sm a l l  l a t t i c e  s t r a i n s
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Figure 1.26 Section of the Al-Cu-Mg phase diagram at 
460°C and 190°C (from Polmear^>).
Polm ear h a s  n o te d  t h a t  S p r o b a b ly  t r a n s f o r m s  from  th e  S f p h a s e .  
-95A c c o rd in g  to  B a g a ry a tsk i i  t h e  p eak  h a r d n e s s  m  such  a l l o y s  i s  
a s s o c i a t e d  w i th  th e  S ' p h a s e  and t h e  o v e r - a g e in g  e f f e c t  w i th  l o s s  o f  
c o h e re n c y ,  p ro b a b ly  r e s u l t i n g  from  t h e  f o r m a t io n  o f  t h e  S p h a s e .
98 . .Hardy has  re v ie w e d  work p r i o r  t o  1954 on a l l o y s  w i th  i n t e r ­
m e d ia te  Cu:Mg r a t i o s ,  i e  8 :1  t o  4 : 1 .  H is  r e s u l t s  a g re e d  w i th  
p r e v i o u s  work in  showing t h a t  an  i n c r e a s e  in  magnesium c o n t e n t
i n c r e a s e d  b o th  th e  r a t e  o f  a g e in g  and th e  e x t e n t  of  h a r d e n i n g .
93 .S i l c o c k  u se d  X -ray  d i f f r a c t i o n  t o  s tu d y  th e  m i c r o s t r u c t u r e  o f  t h e
98a l l o y s  i n v e s t i g a t e d  by Hardy . F o r  a l l o y s  w i th  a  2 .2 :1  r a t i o  she  
found  t h a t  t h e  p r e c i p i t a t i o n  se q u e n c e  f o l lo w e d  t h a t  d e s c r i b e d  a b o v e ,  
i e  GP(B) zo n es  ->■ S ’ **• S. I n  c o n t r a s t ,  a l l o y s  w i th  a Cu:Mg r a t i o  o f  
7 :1 t h e  s t r u c t u r e s  w ere  a  m i x t u r e  o f  t h e  se q u en c e  p roduced  i n  b i n a r y  
A l-Cu a l l o y s  ( i e  0" -* 0 1 e t c )  and  t h a t  i n  t h e  p s e u d o -b in a ry  A l-S  
a l l o y s .  I t  was a l s o  fou n d  t h a t  t h e  f o r m a t i o n  o f  GP zones and 0" 
o c c u r r e d  a t  a  much f a s t e r  r a t e  t h a n  i n  b i n a r y  Al-Cu a l l o y s .
99V ie tz  and Po lm ear h a v e  s t u d i e d  a r a n g e  o f  A l - 2 .5  wt%Cu a l l o y s
w i t h  a d d i t i o n s  o f  m agnesium  up t o  2 wt%. They found  t h a t  t h e  tw o -
98)s t a g e  h a rd e n in g  c u rv e s  r e p o r t e d  p r e v i o u s l y  ( f o r  exam ple , se e  Hardy 
were  o b se rv e d  i n  t h e  w hole  r a n g e  o f  c o m p o s i t i o n s .  They n o te d  a l s o  
t h a t  i n c r e a s i n g  th e  m agnesium  c o n t e n t  f rom  0 .5  to  2 wt% i n c r e a s e d  
th e  r e s p o n s e  to  a g e - h a r d e n i n g .  The g r e a t e r  h a rd e n in g  e f f e c t  was 
a t t r i b u t e d  to  an i n c r e a s e d  s o l i d - s o l u t i o n  h a r d e n in g  component and 
th e  n e t  h a rd e n in g  due to  GP(B) zone  f o r m a t i o n .
There  a r e  s e v e r a l  r e p o r t s  c o n c e r n in g  t h e  e f f e c t  o f  sm a l l  
a d d i t i o n s  of a  f o u r t h  e le m e n t  on th e  a g e in g  k i n e t i c s  o f  Al-Cu-Mg 
a l l o y s .  W ilson  and F o r s y t h  h a v e  shown t h a t  th e  a d d i t i o n  o f  
1 wt% Ni o r  1 wt% Fe t o  an  A l - 2 .5 C u - 1 . 2Mg a l l o y  (wt%) re d u c e  t h e  a g e -
h a r d e n in g  r e s p o n s e  d u e ,  i t  was p r o p o s e d ,  t o  t h e  f o r m a t io n  o f
i n s o l u b l e  p h a s e s  w i th  c o p p e r  w h ic h  p r e v e n t e d  th e  c o p p e r  from  e n t e r i n g
. . .  93 .i n t o  t h e  p r e c i p i t a t i o n  r e a c t i o n .  S i l c o c k  i n v e s t i g a t e d  an a d d i t i o n
o f  0 .0 5  wt% ind ium  to  an  A l-3 .3 C u -0 .5 8 M g  a l l o y  (wt%) and found  t h a t
th e  r a t e  o f  f o rm a t io n  o f  GP z o n e s  t o  be  much l e s s  th a n  f o r  t h e
t e r n a r y  a l l o y .  A f t e r  a g e in g  f o r  e l e v e n  d a y s  a t  130°C, t h i s  a l l o y  had
a b o u t  h a l f  t h e  q u a n t i t y  o f  GP z o n e s  and a b o u t  tw ic e  th e  amount o f  0 1
p h a s e  when compared t o  t h e  i n d i u m - f r e e  a l l o y .  S i l c o c k  c o n c lu d e d  t h a t
th e  e f f e c t  o f  ind ium  was much l e s s  i n  t h e  t e r n a r y  a l l o y  compared w i t h
th e  e q u i v a l e n t  b i n a r y  a l l o y .
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Sm all a d d i t i o n s  o f  Z r ,  C r ,  Mn, Cd and  Ag to  an A l-1 .9C u-1 .7M g
87a l l o y  (at%) have  been  s t u d i e d  by Baba . He c o n c lu d e d  t h a t  a d d i t i o n s  
o f  0 .1  at% Cr, Zr o r  Mn r e t a r d e d  th e  c l u s t e r i n g  o f  s o l u t e  a tom s and 
th e n  r e d u c e d  th e  e x t e n t  o f  a g e - h a r d e n i n g .  When aged i n  t h e  r a n g e  
150-200°C, 0 .1  at% of Cd o r  Ag was found  t o  d e c r e a s e  t h e  r a t e  o f  
c l u s t e r i n g ,  i e  zone f o r m a t i o n ,  b u t  i t  i n c r e a s e d  th e  a g e - h a r d e n in g  
r e s p o n s e .  Baba s u g g e s t e d  t h a t  t h i s  may b e  due  to  th e  p a r t i c i p a t i o n  
o f  Ag o r  Cd atoms i n  GP z o n e s  c o n s i s t i n g  o f  Cu and Mg a to m s .
1.7 The Al-Cu-Mg-Ag s y s te m
Work in  th e  e a r l y  1960s by Po lm ear  had  shown t h a t  a d d i t i o n s  
o f  ^  0 .1  at% s i l v e r  may m odify  th e  a g e in g  b e h a v io u r  of s e v e r a l  
com m erc ia l  a l l o y s  b a s e d  on th e  Al-Cu-Mg s y s te m .  F o r  e x am p le ,  s i l v e r  
a d d i t i o n s  0 .5  wt%) t o  a l l o y s  AA2024 (Al-4.4%Cu -  1.5%Mg -  
0.7%Mn) and RR58 (Al-2.2% Cu -  1.5%Mg -  1%Fe -  1%Ni) were fo u n d  t o  
a c c e l e r a t e  th e  a g e - h a r d e n i n g  r e s p o n s e  and a l s o  i n c r e a s e  t h e  s t r e n g t h  
i n  b o th  a l l o y s .  S i m i l a r  e f f e c t s  w ere  o b s e rv e d  f o r  s i l v e r  a d d i t i o n s  
t o  Al-Mg and Al-Zn-Mg a l l o y s . H ow ever, Polm ear  ^ fo u n d  t h a t  
0 .5  wt% s i l v e r  had l i t t l e  e f f e c t  on th e  com m erc ia l  a l l o y  L65(Al-4.3% Cu 
-  0.8%Mg -  0.7%Si -  0.8%Mn and c o n c lu d e d  t h a t  t h e  Mg-Cu r a t i o  m ust 
exceed  a  c e r t a i n  v a l u e  b e f o r e  s i l v e r  e x e r t e d  any e f f e c t .
S ubsequen t  s t u d i e s  w ere  c o n c e rn e d  w i t h  c h a r a c t e r i s i n g  t h e  a g e -
99h a r d e n in g  m i c r o s t r u c t u r e s .  V ie tz  and P o lm ear  s t u d i e d  th e  e f f e c t s  o f  
s i l v e r  on a ra n g e  o f  Al-Cu-Mg a l l o y s  and n o t e d  t h r e e  e q u i l i b r i u m  
p r e c i p i t a t e s :
( i )  0 (C uA lz ) ,  w h ich  o c c u rs  i n  t h e  b i n a r y  Al-Cu sy s te m  and
h a s  a t e t r a g o n a l  s t r u c t u r e  ( s e e  s e c t i o n  1 .6 ) .
( i i )  S (AlaCuMg), w h ich  h a s  an o r th o r h o m b ic  s t r u c t u r e  ( s e e
s e c t i o n  1 . 7 ) .
( i i i )  T (Al6CuMgii) w h ich  i s  iso m o rp h o u s  w i t h  th e  p h a s e
(A l ,Z n )i*9 Mg3 2  i n  t h e  Al-Zn-Mg s y s te m  and h a s  a complex c u b ic
105,106s t r u c t u r e  9
These  p h a s e s  a r e  shown on a  s e c t i o n  o f  t h e  Al-Cu-Mg p h a s e  
d ia g ra m  i n  F ig u re  1 .26  ( s e c t i o n  1 . 6 ) .  F o r  t h e  s i l v e r  c o n t a i n i n g  
a l l o y s ,  V ie tz  and P o lm ear  fo u n d  t h a t  t h e  e f f e c t  o f  s i l v e r  on t h e  tw o- 
s t a g e  h a rd e n in g  c u r v e s  o b s e rv e d  depended  upon th e  Mg:Cu r a t i o .  F o r  
exam ple ,  w i th  a l l o y s  b a s e d  on 2 .5  wt% c o p p e r ,  t h e  e f f e c t s  o f  s i l v e r
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a p p e a re d  to  b e  c o n f i n e d  m a in ly  t o  t h e  f i r s t  o r  z o n e - fo rm in g  s t a g e  o f  
a g e in g  i f  t h e  Mg:Cu r a t i o  was h i g h  and t o  th e  second s t a g e  i f  th e  
r a t i o  was low .
For two a l l o y s ,  Al-2.5%Cu -  1.5%Mg and Al-1.5%Cu -  4%Mg, 
s i l v e r  was fo u n d  t o  prom ote  t h e  hom ogeneous n u c l e a t i o n  o f  a T -phase  
s t r u c t u r e  w hich  p re d o m in a te d  a t  t h e  peak  h a rd n e s s  s t a g e ,  i n s t e a d  o f  
th e  u s u a l  S f p r e c i p i t a t e .  However, on p ro lo n g e d  a g e in g  a t  200°C th e  
m i c r o s t r u c t u r e  r e v e r t e d  t o  t h a t  o f  t h e  e q u i v a l e n t  s i l v e r - f r e e  a l l o y ,  
b u t  t h e  p r o c e s s  was s lo w . Auld e t  a l  u se d  X -ray  d i f f r a c t i o n  to  
d e te rm in e  th e  s t r u c t u r e  of  t h e  T -p h a s e  p ro d u ce d  upon a g e in g  an  
Al-2.5%Cu -  1 .5%Mg -  0 .5  wt% Ag a l l o y ,  b u t  found  t h a t  t h e  r e f l e c t i o n s  
were  to o  d i f f u s e  t o  a l lo w  d i s t i n c t i o n  b e tw een  th e  compound AleCuMgi*
o r  t h e  T -p h a se  e q u i l i b r i u m  p r e c i p i t a t e  found  i n  an  Al-5%Mg -  0.5%Ag
108 110a l l o y ,  AleAgMgi* . More r e c e n t l y  Sen and West have  found  t h a t
p l a s t i c  d e f o r m a t io n  p r i o r  t o  a g e in g  e l i m i n a t e d  th e  f o r m a t i o n  o f  t h i s
T -p h a se  in  an  Al-3.2wt%Cu -  1.5wt%Mg -  0.5wt%Ag a l l o y .
I n  r e c e n t  y e a r s  work on s i l v e r  a d d i t i o n s  has  c o n c e n t r a t e d  on
109a l l o y s  w i th  h i g h e r  Cu:Mg r a t i o s .  A uld  and V ie tz  found  t h a t  an  
a d d i t i o n  of 0.5wt% s i l v e r  t o  an  Al-2.5% Cu -  0.5%Mg a l l o y  r e s u l t e d  i n  
th e  f o r m a t io n  o f  t h i n  h e x a g o n a l - s h a p e d  p l a t e l e t s  l y in g  on {111} 
p l a n e s  o f  t h e  a lum in ium  l a t t i c e .  E l e c t r o n  and X -ray d i f f r a c t i o n  
p a t t e r n s  w ere  i n t e r p r e t e d  a s  show ing t h a t  t h e  p r e c i p i t a t e  had  a h e x a ­
g o n a l  u n i t  c e l l  w i t h  a  = 0 .4 9 6  nm and c = 0 .8 4 8  nm, and an o r i e n t a ­
t i o n  r e l a t i o n s h i p  w i th  th e  a lu m in iu m  l a t t i c e  such  t h a t :
[0001]pptJ[111]Al and [10T0]pptJ | [ l7 0 ]A1
L a rg e  a s p e c t  r a t i o s  (>100) w ere  o b s e rv e d  f o r  t h i s  new p r e c i p i t a t e  and 
i t  was s u g g e s te d  t h a t  c o h e re n c y  e x i s t e d  b e tw e en  p r e c i p i t a t e  and 
m a t r i x ,  th u s  a l l o w i n g  p l a t e s  t o  grow t o  l a r g e  d i a m e te r s .  I n d e e d ,
Auld and V ie tz  fo u n d  t h a t  t h e  new p r e c i p i t a t e  was s t a b l e  even  a f t e r  
a g e in g  f o r  t h r e e  d a y s  a t  350°C, l e a d i n g  t o  t h e  s u g g e s t i o n  t h a t  t h e  
new p r e c i p i t a t e  may w e l l  be  an e q u i l i b r i u m  p r e c i p i t a t e .  A u l d ^  
l a t e r  c o n f i rm e d  t h e  l a t t i c e  p a r a m e t e r s  b u t  p r e f e r r e d  t o  c a l l  th e  
s t r u c t u r e  m o n o c l in i c  w i t h  a  = b = 0 .4 9 6  nm and Y = 120p , w i t h  s i x ­
f o l d  symmetry c a u s i n g  th e  d i f f r a c t i o n  p a t t e r n s  to  be  p s e u d o -  
h e x a g o n a l  .
I n  t h e  e a r l y  1970s c a s t i n g s  made from  Al-Cu-Mg-Ag a l l o y s  w ere  
i n t r o d u c e d  on a com m erc ia l  b a s i s  due  t o  t h e  f a c t  t h a t  h ig h  t e n s i l e
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p r o p e r t i e s  c o u ld  be  a c h ie v e d  -  g r e a t e r  th a n  p r e v i o u s l y  o b s e rv e d  i n
c a s t  a lum in ium  a l l o y s .  I n  f a c t  t h e s e  a l l o y s ,  US a l l o y  201 ( o r
112 113K-01) and F re n c h  a l l o y  A v io r  , showed p r o p e r t i e s  c o m p a rab le  w i th
th o s e  n o r m a l ly  e x p e c t e d  from  h i g h - s t r e n g t h  wrought a l l o y s .  Each new
a l l o y  had  a b a s i c  c o m p o s i t io n  c l o s e  to  Al-4.7%Cu -  0.27%Mg -  0.7%Ag
(wt%) w i th  A v io r  h a v in g  an a d d i t i o n a l  1.3% z i n c .  I n  t h e  T6 tem per  
112(20h a t  155°C) c a s t i n g s  o f  a l l o y  201 a r e  quo ted  a s  g i v i n g  
g u a r a n t e e d  p r o p e r t i e s  of  345MPa y i e l d  s t r e n g t h  and 415MPa t e n s i l e  
s t r e n g t h ,  t o g e t h e r  w i t h  a  minimum e l o n g a t i o n  o f  5%. M o re o v e r ,  v a lu e s  
a s  h ig h  as  480MPa y i e l d  s t r e n g t h  and 550MPa t e n s i l e  s t r e n g t h  w i t h  
10% e l o n g a t i o n  h a v e  b e e n  r e c o r d e d .  I t  i s  n o t  s u r p r i s i n g ,  t h e r e f o r e ,  
t h a t  such  a l l o y s  a r e  b e in g  c o n s id e r e d  as  r e p la c e m e n ts  f o r  f o r g i n g s  
i n  a p p l i c a t i o n s  i n  w hich  th e y  a r e  c o s t  e f f e c t i v e .
114 . . .T a y lo r  e t  a l  have  s t u d i e d  th e  e f f e c t  o f  an  a d d i t i o n  o f
0 .7  wt% s i l v e r  t o  a n  Al-4.7%Cu -  0.27%Mg a l l o y  a s  w e l l  a s  t h e  e f f e c t  
o f  a d d in g  0 .5  wt% cadmium. S i l v e r  was found  to  i n c r e a s e  t h e  r a t e  and 
e x t e n t  o f  h a r d e n i n g  compared w i t h  t h e  t e r n a r y  a l l o y .  The t w o - s t a g e  
h a rd e n in g  c u rv e  n o r m a l ly  a s s o c i a t e d  w i th  t h e  t e r n a r y  a l l o y  was 
r e p l a c e d  by s i n g l e - s t a g e  h a r d e n i n g  i n  th e  t e m p e ra tu re  r a n g e  
130-230°C. Cadmium had  a s i m i l a r  e f f e c t  b u t  to  a l e s s e r  e x t e n t .  
M i c r o s t r u c t u r a l  e x a m in a t io n  o f  t h e  t h r e e  a l l o y s  r e v e a l e d  t h a t ,  f o r  
t h e  t e r n a r y  and  c a d m iu m -c o n ta in in g  a l l o y s ,  th e  o n ly  p r e c i p i t a t e s  
p r e s e n t  w ere  0 '  and  S when aged t o  p e a k -h a r d n e s s  a t  170°C and 230°C. 
However, f o r  t h e  s i l v e r - c o n t a i n i n g  a l l o y ,  p r e c i p i t a t e s  w ere  o b s e rv e d  
on b o th  {100} and {111} a lum in ium  l a t t i c e  p l a n e s .  The p r e c i p i t a t e s  
w ere  i n  t h e  fo rm  o f  p l a t e l e t s ,  w i t h  t h i c k n e s s e s  i n  t h e  r a n g e  2 -4  nm 
and d i a m e te r s  up t o  400 nm when ag ed  to  peak  h a rd n e s s  a t  170°C. The 
p h a se  form ed on {111} p l a n e s  w ere  b e l i e v e d  t o  be a m o n o c l in i c  fo rm  of 
0 ( a f t e r  A u l d ^ ^ ) ,  and  i t  was s u g g e s t e d  t h a t  n u c l e a t i o n  o f  t h i s  p h a se  
may be  c o n t r o l l e d  th ro u g h  p r i o r  f o r m a t i o n  o f  th e  compound Mg3 Ag on 
t h e  {111} m a t r i x  p l a n e s .
C h e s t e r  and P o lm e a r^ '*  exam ined  th e  m i c r o s t r u c t u r e s  o f  s e v e r a l  
Al-Cu-Mg a l l o y s ,  w i t h  and w i t h o u t  s i l v e r  a d d i t i o n s .  F o r  t h e  t e r n a r y  
a l l o y s  t h e  r e s u l t s  c o n f i rm e d  e a r l i e r  work on th e  t e r n a r y  sy s te m  ( s e e  
s e c t i o n  1 . 6 ) ,  i e  a t  low (0 .1  wt%) magnesium c o n te n t s  p r e c i p i t a t i o n  
fo l lo w e d  t h a t  o b s e rv e d  i n  b i n a r y  A l-Cu a l l o y s .  I n c r e a s i n g  t h e  magne­
sium  l e v e l  t o  > 0 .3  wt% r e s u l t e d  i n  th e  f o rm a t io n  o f  t h e  S* p h a s e
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s e q u e n c e ,  w i t h  more Sf p r e s e n t  a s  t h e  magnesium c o n t e n t  was i n c r e a s e d .  
I n  a l l  s i l v e r - c o n t a i n i n g  a l l o y s  p r e c i p i t a t i o n  o f  " m o n o c l in ic  0" was 
o b s e rv e d ,  th e  amount d e p e n d in g  on c o m p o s i t io n .  F o r  e x am p le ,  an 
Al-4%Cu -  0.1%Mg -  0.4wt%Ag(wt%) a l l o y  c o n s i s t e d  o f  0 '  and s p a r s e l y  
d i s t r i b u t e d  m o n o c l in ic  0 a t  peak  h a r d n e s s ,  w h i l s t  an  Al-4%Cu -  
0 .8% /ic j-  0 . 4"^Ag a l l o y  c o n s i s t e d  o f  S ' and m o n o c l in ic  O’. An 
i n t e r e s t i n g  r e s u l t  was o b s e rv e d  f o r  an  a l l o y  c o n t a i n i n g  1 .5  wt% Mg 
and 0 .4  wt% Ag w here  p r e c i p i t a t i o n  o f  S ' and m o n o c l in ic  0 was 
accom panied  by f o r m a t i o n  o f  t h e  T - p h a s e .  I n  s u b s e q u e n t  work C h e s t e r  
and P o l m e a r ^ ^ * ^ ^  d e s i g n a t e d  t h e  m o n o c l in ic  p h a se  ft , t o  d i s t i n ­
g u i s h  i t  from  t h e  0 - p r e c i p i t a t e s  o b s e rv e d  i n  b i n a r y  Al-Cu a l l o y s .
I n  t h e  n e x t  s e c t i o n ,  t h e  s u s c e p t i b i l i t y  o f  a lum in ium  a l l o y s  t o  
s t r e s s - c o r r o s i o n  c r a c k in g  i s  d i s c u s s e d .
1 .8  S t r e s s - c o r r o s i o n  c r a c k i n g  (SCC) i n  a lum in ium  a l l o y s
1 .8 .1  S t r e s s - c o r r o s i o n  c r a c k i n g
S t r e s s - c o r r o s i o n  c r a c k i n g  (SCC) d e f i n e s  t h e  phenomenon of  
b r i t t l e  f r a c t u r e  i n  a l l o y s ,  n o r m a l ly  c o n s id e r e d  d u c t i l e ,  when 
exposed  t o  t h e  s im u l ta n e o u s  a c t i o n  o f  s u r f a c e  t e n s i l e  s t r e s s  and a 
c o r r o s i v e  e n v i ro n m e n t ,  n e i t h e r  o f  w hich  would s e p a r a t e l y  c a u s e  m a jo r  
damage. In d e e d ,  t h e  l e v e l  o f  s t r e s s  needed  f o r  c r a c k  i n i t i a t i o n  and 
g row th  can  be  w e l l  be low  t h e  y i e l d  s t r e s s  w h i l s t  t h e  c o r r o s i v e  
e n v iro n m en ts  can  be  v e r y  m i l d ,  a s  w i th  w a te r  v a p o u r  a t  room te m p e ra ­
t u r e .  Only s p e c i f i c  c o m b in a t io n s  o f  a l l o y  and c h e m ic a l  e n v iro n m e n t  
l e a d  t o  SCC, b u t  o v e r  80 c o m b in a t io n s  o f  a l l o y s  and c o r r o s i v e
118e n v iro n m e n ts  have  b e e n  r e p o r t e d  a s  c a u s in g  t h i s  ty p e  o f  f a i l u r e  
Many a r e  o f  common o c c u r r e n c e  su c h  a s  m ild  s t e e l  i n  NaOH, a u s t e n i t i c  
s t a i n l e s s  s t e e l  i n  s a l t  w a t e r ,  c o p p e r  a l l o y s  i n  NH3 , and a lum in ium  
a l l o y s  i n  s e a  w a t e r .
The f r a c t u r e  m ec h a n ic s  a p p ro a c h  i s  now w id e ly  u se d  i n  t h e  
a n a l y s i s  o f  SCC w here  f r a c t u r e  i s  assumed t o  be  i n f l u e n c e d  by t h e  
f la w  s i z e ,  c .  H ence , by u s i n g  p r e - c r a c k e d  spec im ens  o f  known f l a w  
o r  c r a c k  l e n g t h ,  u s e  can  b e  made o f  t h e  e q u a t io n  f o r  t h e  s t r e s s  
i n t e n s i t y  f a c t o r ,  K, such  t h a t :
K = Yac* 1 .33
where a i s  t h e  a p p l i e d  s t r e s s  and  Y i s  a  c o n s t a n t .  The c r i t i c a l  















Figure 1.27 Different ways of representing SCC data; 
(a)stress intensity vs. time to failure, 
tblcrack velocity vs. stress intensity.
1C ‘ " f - *  1-34
w here  i s  t h e  f a i l u r e  s t r e s s  i n  a i r .  Thus, i f  a s e r i e s  of  s p e c i ­
mens i s  t e s t e d  in  a  c o r r o s i v e  e n v iro n m e n t  a t  v a r i o u s  s t r e s s  i n t e n ­
s i t y  l e v e l s  i t  i s  p o s s i b l e  t o  p ro d u c e  a ’ c u r v e 1 s i m i l a r  t o  t h a t  
shown i n  F i g u r e  1 .2 7 a .  The t h r e s h o l d  v a lu e  o f  s t r e s s  i n t e n s i t y  i s  
d e s i g n a t e d  K ^ g ^ ,  and be low  t h i s  l e v e l  no s t r e s s - c o r r o s i o n  c r a c k in g  
would o c c u r .  I f  t h e  i n i t i a l  v a l u e  o f  K i s  above Kjcjqq t h e n  th e  
e x i s t i n g  c r a c k s  w i l l  grow. T hus ,  t h e  s t r e s s  i n t e n s i t y  i n c r e a s e s  w i t h  
t im e  u n t i l  f r a c t u r e  o c c u r s  when K e q u a ls  t h e  f r a c t u r e  to u g h n e s s  
Kj.£. F o r  s a f e  d e s ig n  i n  a  com ponent c o n t a i n i n g  f la w s  th e  g r e a t e s t  
i n i t i a l  v a lu e  o f  K m ust be  l e s s  t h a n  K ^ g ^ .  In  g e n e r a l ,  t h e  v a l u e  
o f  K j g ^  d e c r e a s e s  w i th  a n  i n c r e a s e  i n  y i e l d  s t r e n g t h .  T h is  ty p e  of
d a t a  can  be p r e s e n t e d  i n  a n o t h e r  fo rm ,  as  i l l u s t r a t e d  i n  F i g u r e  1 .27b ,
w here  t h e  c r a c k  v e l o c i t y  i s  p l o t t e d  a g a i n s t  s t r e s s  i n t e n s i t y .
F ig u r e  1 .27b  i s  a s c h e m a t ic  r e p r e s e n t a t i o n  of th e  e x p e c te d  p l o t .
T hree  d i s t i n c t  r e g i o n s  a r e  a p p a r e n t .  I n  r e g i o n  I ,  w here  t h e  s t r e s s  
i n t e n s i t y  i s  r e l a t i v e l y  lo w , t h e  c r a c k  v e l o c i t y  i s  s t r o n g l y  s t r e s s  
d e p e n d e n t .  At i n t e r m e d i a t e  s t r e s s  i n t e n s i t i e s ,  r e g i o n  I I ,  t h e  c r a c k  
v e l o c i t y  i s  in d e p e n d e n t  o f  t h e  a p p l i e d  s t r e s s  i n t e n s i t y  and a 
p l a t e a u  i s  o b s e rv e d .  At r e l a t i v e l y  h i g h  s t r e s s  i n t e n s i t i e s ,  r e g i o n  
I I I ,  t h e  c r a c k  v e l o c i t y  may a g a in  be  s t r e s s  d e p e n d e n t .
The m easurem ent o f  t h e  s t r e s s  c o r r o s i o n  c r a c k  g row th  r a t e  a s  a 
f u n c t i o n  of th e  a p p l i e d  s t r e s s  i n t e n s i t y  i s  now b e in g  u se d  more 
w id e ly  t o  a s s e s s :
( i )  th e  e f f e c t  o f  s t r e s s  on s t r e s s  c o r r o s i o n  c r a c k  g ro w th ;
( i i )  t h e  e f f e c t  o f  e n v i ro n m e n t  on s t r e s s  c r a c k  g ro w th ;
( i i i )  a l l o y  p e r fo rm a n c e  w i t h  r e s p e c t  t o  r e s i s t a n c e  t o  SCC;
( iv )  t h e  r e m a in in g  u s e f u l  s e r v i c e  l i f e  o f  s t r u c t u r e s  w here
SCC c r a c k s  h a v e  i n i t i a t e d .
1 .8 .2  SSC i n  a lum in ium  a l l o y s
A number o f  r e v ie w s  on SCC i n  a lum inium  a l l o y s  h av e  b een
119-122p u b l i s h e d  m  r e c e n t  y e a r s  . The g e n e r a l  c o n c lu s i o n  was t h a t
a lum in ium  a l l o y s  c a n  f a i l  by c r a c k i n g  a lo n g  g r a i n  b o u n d a r i e s  when 
s im u l ta n e o u s l y  exposed  t o  s p e c i f i c  e n v i r o n m e n ts ,  such  as  w a te r  v a p o u r  
and aqueous  s o l u t i o n s ,  and s t r e s s e s  o f  s u f f i c i e n t  m a g n i tu d e .  The 
m a jo r  p ro b lem  o f  SCC i n v o l v e s  a l l o y s  w hich  have  been  d e v e lo p e d  f o r
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medium and h ig h  s t r e n g t h  a p p l i c a t i o n s  by e m p loy ing  v a r i a t i o n s  in  
c o m p o s i t i o n ,  c o ld  work and h e a t  t r e a tm e n t
A l lo y  c o m p o s i t io n  and h e a t  t r e a tm e n t  s t r o n g l y  e f f e c t  th e  
s u s c e p t i b i l i t y  o f  a lum in ium  a l l o y s  to  SCC. V a r i a t i o n s  i n  a l l o y  
c o m p o s i t io n  and h e a t  t r e a t m e n t  can  e f f e c t  n o t  o n ly  t h e  s t r e s s  
d e p e n d en c e  o f  t h e  c r a c k  v e l o c i t y  (m e c h a n ic a l  v a r i a b l e s )  b u t  a l s o  t h e  
d e p e n d en c e  o f  c r a c k  g row th  on t h e  p h y s i c a l  and c h e m ic a l  p r o p e r t i e s  
of t h e  e n v iro n m e n t  ( e n v i r o n m e n ta l  v a r i a b l e s ) .  The m a j o r i t y  of 
a l l o y s  found  to  be s u s c e p t i b l e  t o  SCC a r e  t h e  medium- and h i g h -  
s t r e n g t h  w ro u g h t  m a t e r i a l s  w here  p r e c i p i t a t i o n  h a r d e n in g  p l a y s  an 
i m p o r t a n t  r o l e  i n  d e v e lo p in g  s t r e n g t h .
I n  g e n e r a l ,  s u p e r s a t u r a t e d  s o l i d  s o l u t i o n s  o f  a lum in ium  i n
th e  a s -q u e n c h e d  c o n d i t i o n  a r e  found  to  be  r e l a t i v e l y  r e s i s t a n t  t o
120SCC, a l t h o u g h  S p i e d e l  p o i n t s  o u t  t h a t  no s y s t e m a t i c  work h a s  
b een  c a r r i e d  o u t  t o  s u b s t a n t i a t e  t h i s  v ie w .  P r e c i p i t a t i o n  a t  
a m b ie n t  o r  h i g h e r  t e m p e r a t u r e s  c an  c a u se  a s e v e r e  i n c r e a s e  i n  
s u s c e p t i b i l i t y  i n  many a lum in ium  a l l o y s ,  and maximum s u s c e p t i b i l i t y  
i s  o f t e n  o b s e rv e d  b e f o r e  t h e  peak  s t r e n g t h  i s  r e a c h e d .  F u r t h e r  
a g e in g  beyond p e a k - h a r d n e s s  ( o v e r a g e in g )  may, h o w e v e r ,  s u b s t a n t i a l l y  
i n c r e a s e  t h e  r e s i s t a n c e  to  SCC. T h is  i s  i l l u s t r a t e d  s c h e m a t i c a l l y  
in  F i g u r e  1 .2 8 .  I t  would  a p p e a r  t h a t  by s a c r i f i c i n g  y i e l d  s t r e n g t h  
by o v e r a g e in g  some i n c r e a s e  i n  r e s i s t a n c e  t o  SCC may b e  a c h ie v e d ,  
and t h i s  p r i n c i p l e  i s  s t i l l  u se d  to d ay  i n  t h e  d e v e lo p m en t  o f  h i g h -  
s t r e n g t h ,  s t r e s s - c o r r o s i o n  r e s i s t a n t  a l l o y s .
SCC i n  t h e  p r e s e n c e  o f  l i q u i d  m e ta l s  h a s  b e e n  o b s e rv e d  w i t h
p u re  a lu m in iu m  and a l l  a lum in ium  b a s e  a l l o y s .  I n  a q u eo u s  s o l u t i o n s
SCC o c c u r s  on a  more r e s t r i c t e d  s c a l e  and h a s  b een  o b s e rv e d  in
a lum in ium  a l l o y s  o f  t h e  f o l l o w i n g  s y s te m s :  A l-A g , A l-C u ,  Al-Cu-Mg,
Al-Mg, A l-M g-Zn, A l-Z n ,  Al-Zn-Mg-Cu and A l-M g -S i .  I t  s h o u ld  be
n o te d  t h a t  t h e s e  d a t a  r e f e r  t o  w rough t a l l o y s ,  and w h i l s t  SCC i s  n o t
123common i n  c a s t i n g s  i t  i s  found  o c c a s i o n a l l y  . I n  g e n e r a l  t h e  
f o l l o w i n g  r u l e s  a p p e a r  t o  b e  v a l i d :
( i )  P u re  a lum in ium  i s  n o t  s u s c e p t i b l e  t o  SCC.
( i i )  F o r  a g i v e n  a l l o y  s y s te m ,  an i n c r e a s e  i n  t h e  s o l u t e











Figure 1.28 Variation of strength and stress-corrosion
resistance during ageing of precipitation hardening 
aluminium alloys (schematic) after Spiedel^O )
( i i i )  I n  t e r n a r y  and h i g h e r - o r d e r  a l l o y  sy s tem s  l i s t e d
ab o v e ,  SCC r e s i s t a n c e  i s  i n f l u e n c e d  by th e  r a t i o s  a s  w e l l  a s
124th e  sum o f  t h e  am ounts o f  a l l o y i n g  a d d i t i o n s
( iv )  S m all  a d d i t i o n s  o f  C r ,  Mn, Z r ,  T i ,  V, Ni and L i  c an
re d u c e  t h e  s u s c e p t i b i l i t y  o f  w rough t  p r o d u c t s  made from  h ig h
v  j  124,125p u r i t y  b i n a r y ,  t e r n a r y  and q u a t e r n a r y  a l l o y s
(v) A l lo y  c o m p o s i t io n  a lo n e  i s  i n s u f f i c i e n t  t o  d e te r m in e
122th e  SCC r e s i s t a n c e  o f  a lum in ium  a l l o y s .  R a t h e r ,  a s  S p ie d e l  
s u g g e s t s ,  i t  i s  t h e  sum o f  t h e  i n f l u e n c e s  o f  c o m p o s i t i o n ,  
p r o c e s s i n g ,  h e a t  t r e a tm e n t  and e n v iro n m e n ts  w hich  d e te r m in e  
th e  SCC r e s i s t a n c e .
T his  l a s t  p o i n t  i s  im p o r ta n t  when i t  comes to  d i s c u s s i n g  th e  
m echanism s o f  SCC i n  a lum in ium  a l l o y s .
1 .8 .3  M echanisms o f  SCC i n  a lum in ium  a l l o y s
As a r e s u l t  o f  t h e  c o n s i d e r a b l e  e f f o r t  w hich  h a s  b een  
d i r e c t e d  to w a rd s  u n d e r s t a n d i n g  th e  m echanism  o f  SCC i n  a lum in ium  
a l l o y s ,  th e  f o l l o w i n g  m i c r o s t r u c t u r a l  f e a t u r e s  a p p e a r  t o  be 
i m p o r ta n t :
(a )  P r e c i p i t a t e - f r e e  zones  (PFZ) a d j a c e n t  to  g r a i n  b o u n d a r i e s .
In  a c o r r o s i v e  medium i t  i s  c o n s id e r e d  t h a t  e i t h e r  t h e  PFZ o r  t h e  
g r a i n  b o u n d a r i e s  w i l l  be  a n o d ic  w i th  r e s p e c t  t o  t h e  g r a i n  c e n t r e s .  
M o reo v e r ,  s t r a i n  i s  l i k e l y  t o  be c o n c e n t r a t e d  i n  t h e s e  r e g i o n s  
b e c a u s e  th e y  a r e  r e l a t i v e l y  s o f t .  T h ree  c o n t r a d i c t o r y  s c h o o ls  o f  
t h o u g h t  h a v e ,  h o w e v e r ,  d e v e lo p e d  r e g a r d i n g  PFZs and SCC w hich  s t a t e :
( i )  R ed u c in g  t h e  PFZ w id th  w i l l  i n c r e a s e  r e s i s t a n c e  t o
s e e 126 .
( i i )  R e d u c in g  t h e  PFZ w id th  w i l l  d e c r e a s e  r e s i s t a n c e  to
s e e 1 2 7 . /y
( i i i )  PFZ w i d t h  i s  o f  l i t t l e  o r  no im p o r ta n c e  t o  SCC
. „ 123 ,128r e s i s t a n c e  7
127S e d n k s  e t  a l  b e l i e v e  t h a t  PFZs a r e  i m p o r ta n t  b e c a u s e  p r e f e r e n ­
t i a l  d e f o r m a t io n  i n  t h e  s o f t e r  PFZ l e a d s  t o  p r e f e r e n t i a l  d i s s o l u t i o n  
i n  t h i s  r e g i o n  and  th u s  t o  i n t e r c r y s t a l l i n e  SCC i n  s e v e r a l  a lum in ium  
a l l o y s .
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(b) N a tu re  o f  t h e  m a t r i x  p r e c i p i t a t e .  Here i t  i s  p ro p o se d  t h a t
SCC i s  i n f l u e n c e d  by th e  ty p e  o f  i n t e r a c t i o n  be tw een  d i s l o c a t i o n s
123 133-5and th e  p r e c i p i t a t e s  t h a t  c a u s e  h a r d e n i n g  ’ . Maximum
s u s c e p t i b i l i t y  to  c r a c k in g  o c c u r s  when GP zones a r e  p r e s e n t ^ . In
t h i s  c o n d i t i o n ,  d e f o r m a t io n  te n d s  to  be  c o n c e n t r a t e d  i n  d i s c r e t e
s l i p  b a n d s ,  s t r e s s  b e in g  g e n e r a t e d  w here  th e s e  b a n d s ' im p in g e  upon
g r a i n  b o u n d a r i e s  w h ich  can  c o n t r i b u t e  t o  i n t e r c r y s t a l l i n e  c r a c k in g
u n d e r  s t r e s s - c o r r o s i o n  c o n d i t i o n s .  I t  i s  th o u g h t  t h a t  r e s i s t a n c e  to
SCC i n  h ig h  s t r e n g t h  a lum in ium  a l l o y s  i s  red u c e d  by p r e c i p i t a t e s
t h a t  a r e  s h e a r e d  by p l a s t i c  d e f o r m a t io n  w h i l s t  p a r t i c l e s  b y p a s s e d
by moving d i s l o c a t i o n s  a r e  th o u g h t  t o  r e s u l t  i n  im proved  SCC r e s i s -  
136ta n c e  . A c c o rd in g  t o  t h i s  h y p o t h e s i s ,  o v e ra g in g  r e d u c e s  s u s c e p t i ­
b i l i t y  b e c a u s e  t h e  volum e f r a c t i o n  o f  p a r t i c l e s  t h a t  c a n  b e  s h e a r e d  
d e c r e a s e s .
(c )  D i s p e r s i o n  o f  p r e c i p i t a t e  p a r t i c l e s  i n  g r a i n  b o u n d a r i e s .  I n
131 137t h e  7000 s e r i e s  a l l o y s  a  c o r r e l a t i o n  h a s  been  found * b e tw e en  
SCC b e h a v io u r  and  t h e  amount o f  g r a i n  boundary  c o v e ra g e  by r\ 
p a r t i c l e s .  I n c r e a s e d  a r e a  c o v e r a g e ,  w hich  o c c u rs  a s  p a r t i c l e  s i z e  
s p a c in g  i n c r e a s e ,  h a s  b e e n  a s s o c i a t e d  w i t h  a  d e c r e a s e  i n  s u s c e p t i ­
b i l i t y  t o  SCC.
An i m p o r t a n t  e x p e r im e n ta l  p ro b le m , how ever, i s  t h a t  t h e
c h a r a c t e r  o f  m a t r i x  p r e c i p i t a t e s ,  o f  g r a i n  boundary  p r e c i p i t a t e s ,
and o f  PFZ w id th  t e n d  t o  s im u l t a n e o u s l y  v a ry  w i th  h e a t  t r e a t m e n t .
C o n t r o l  of one o f  t h e s e  p a r a m e te r s  i s  d i f f i c u l t  and p r o b a b ly  e x p l a i n s
th e  d i s a g r e e m e n t  w h ich  s t i l l  e x i s t s .  A l t e r n a t i v e  m echanism s h a v e
b e e n  p r o p o s e d ,  i n v o l v i n g :  ( i )  h y d ro g e n  e m b r i t t l e m e n t  and  ( i i )
c h e m is o r p t io n  o f  a tom  s p e c i e s  a t  t h e  s u r f a c e  o f  c r a c k s ,  b o t h  o f
w hich  w i l l  l e a d  t o  a  l o w e r in g  o f  t h e  c o h e s iv e  s t r e n g t h  o f  i n t e r a t o m i c
138bonds i n  t h e  r e g i o n  a h ead  o f  an  a d v a n c in g  c r a c k .  Seamans h a s  
shown t h a t  s t r e s s - c o r r o s i o n  c r a c k in g  a t  g r a i n  b o u n d a r i e s  o c c u r s  i n  a 
b r i t t l e  and d i s c o n t i n u o u s  manner w i t h  c l e a r  e v id e n c e  o f  h y d ro g e n  
d i f f u s i o n  t o  g r a i n  b o u n d a r i e s  ev en  i n  t h e  a b s e n c e  o f  s t r e s s .  I t  
would a p p e a r  t h a t  t h e  p r e s e n c e  o f  h y d ro g en  does  p l a y  an im p o r t a n t  
r o l e  i n  SCC due t o  e i t h e r  h y d ro g e n  e m b r i t t l e m e n t  o r  c h e m i s o r p t i o n ,  
b u t  t h e  o v e r a l l  p r o c e s s  o f  SCC i s  complex and p r o b a b ly  one o r  m ore
I
m i c r o s t r u c t u r a l  f a c t o r s  may be  i n v o l v e d .  jThe r e l a t i v e  im p o r ta n c e  o f  
each  f a c t o r  may depend  a l s o  on t h e  p a r t i c u l a r  c o m b in a t io n  o f  a l l o y  
and e n v iro n m e n t .
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1 .9  Scope o f  t h e  p r e s e n t  i n v e s t i g a t i o n
There  i s  c o n s i d e r a b l e  i n t e r e s t  i n  r e p l a c i n g  h i g h - c o s t  m e ta l  
f o r g i n g s  w i th  th e  c h e a p e r  c a s t  c o m p o n e n ts ,  a l th o u g h  good q u a l i t y  
c a s t i n g s  w i th  r e l i a b l e  p r o p e r t i e s  a r e  n o t ,  g e n e r a l l y ,  e a sy  to  
p r o d u c e .  T h is  demand f o r  a g r e a t e r  a s s u r a n c e  in  m e e t in g  a s p e c i f i e d  
l e v e l  o f  m e c h a n ic a l  p r o p e r t i e s  w i t h i n  a c t u a l  c a s t i n g s  h a s  l e d  t o  t h e  
c o n c e p t  o f  ’ premium q u a l i t y ’ c a s t i n g s  and r e p r e s e n t s  a  m a jo r  advance  
i n  fo u n d ry  t e c h n o lo g y .  S p e c i f i c a t i o n s  f o r  such c a s t i n g s  r e q u i r e  t h a t
g u a r a n t e e d  minimum p r o p e r t y  l e v e l s  a r e  m et i n  any p a r t  o f  th e  c a s t i n g
and m atch  more c l o s e l y  t h o s e  o b t a i n e d  i n  t e s t  b a r s .  Through s t r i c t  
c o n t r o l  o f  f a c t o r s  such  a s  m e l t i n g  and p o u r in g  p r a c t i c e s ,  im p u r i ty
l e v e l s ,  g r a i n  s i z e  a n d ,  i n  t h e  c a s e  o f  sand  c a s t i n g s ,  t h e  u s e  o f
m e ta l  c h i l l s  t o  i n c r e a s e  s o l i d i f i c a t i o n  r a t e s  m e c h a n ic a l  p r o p e r t i e s  
p r e v i o u s l y  t h o u g h t  u n a t t a i n a b l e  h a v e  b e e n  a c h ie v e d .  Premium q u a l i t y  
c a s t i n g s  a r e  more e x p e n s iv e  t o  p r o d u c e  th a n  normal c a s t i n g s  b u t  th ey  
may be c o s t - e f f e c t i v e  i f  w rough t  com ponents  can  be r e p l a c e d .
In  t h i s  r e s p e c t ,  c o n s i d e r a b l e  i n t e r e s t  h a s  b e e n  shown i n  th e  
Al-Cu-Mg sy s te m  (2000 s e r i e s  i n  t h e  w rough t  c o n d i t i o n )  b e c a u s e  o f  i t s
age  h a r d e n in g  r e s p o n s e .  A s u b s e q u e n t  deve lopm en t h a s  b e e n  th e  i n t r o -
112 1 1 3 .d u c t i o n  of two c a s t  a l l o y s  (201 and A v io r  ) w i t h  a  nom inal
c o m p o s i t io n  A l-4 .7 C u  -  0.3Mg -  0 .7Ag (w e ig h t  %). Both  a l l o y s  show
p a r t i c u l a r l y  h i g h  r e s p o n s e  t o  a g e - h a r d e n i n g  and u s in g  'prem ium
q u a l i t y '  c a s t i n g  t e c h n i q u e s ,  g u a r a n t e e d  p r o p e r t i e s  o f  345MPa p ro o f
s t r e s s  and 415MPa t e n s i l e  s t r e n g t h  w i th  a minimum e l o n g a t i o n  o f  5%
h a v in g  been  o b t a i n e d  from  c a s t i n g s  h e a t  t r e a t e d  t o  a  T6 te m p e r .
V a lues  a s  h ig h  a s  480MPa p ro o f  s t r e s s  and 550MPa t e n s i l e  s t r e n g t h
w i th  10% e l o n g a t i o n  h av e  b een  r e c o r d e d .  These p r o p e r t i e s  a r e  much
h i g h e r  th a n  c an  be  o b ta in e d  w i t h  any  o t h e r  a lum inium  c a s t i n g  a l l o y s
and compare w e l l  w i t h  t h e  h i g h - s t r e n g t h  w rough t a l l o y s .
122However, t h e s e  a l l o y s  h a v e  b e e n  r e p o r t e d  a s  b e in g  s u s c e p ­
t i b l e  to  SCC when h e a t  t r e a t e d  t o  t h e  T6 c o n d i t i o n .  R e s e a rc h  a t  
AUWE, P o r t l a n d  h a s  b een  d i r e c t e d  to w a rd s  t h e  deve lopm en t o f  s t r o n g ,  
l i g h t - w e i g h t  com ponents  w i th  r e a s o n a b l e  c o r r o s i o n  r e s i s t a n c e  and 
t h i s  h a s  in v o lv e d  i n v e s t i g a t i o n s  o f  g r a i n - r e f i n e m e n t  a d d i t i o n s  to  
Al-5%Cu a l l o y s  o f  s i m i l a r  c o m p o s i t io n  t o  201 and optimum 
p r e c i p i t a t i o n - h a r d e n i n g  h e a t  t r e a t m e n t s .  Com plim entary  r e s e a r c h  a t  
B a th  U n i v e r s i t y  had  fo c u s s e d  on t h e  r e l a t i o n s h i p  b e tw e en  m ic ro ­
s t r u c t u r e  o f  t h e  c a s t  m e ta l  and  i t s  m e c h a n ic a l  p r o p e r t i e s .  P r e v io u s
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139r e s e a r c h  by Sm ith  and S c o t t  had shown t h a t  th e  s t r e n g t h  o f  s a n d -
c a s t  a lu m in iu m -c o p p e r  a l l o y s  c o u ld  be  i n c r e a s e d  by a d d i t i o n s  o f
magnesium  and s i l v e r  p ro v id e d  t h a t  b o th  e le m e n ts  w ere  p r e s e n t ,  and
t h a t  enhancem ent was r e l a t e d  t o  t h e  deve lopm en t o f  a  d i f f e r e n t
140p r e c i p i t a t e  m orphology i n  t h e  a l l o y .  S u b se q u e n t  s t u d i e s  were 
c o n c e r n e d  w i th  c h i l l - c a s t  a l l o y s  w here  i t  was shown t h a t ,  d e s p i t e  t h e  
s m a l l e r  g r a i n  s i z e  compared w i t h  s a n d - c a s t  m e t a l ,  a s i m i l a r  a g e -  
h a r d e n i n g  r e s p o n s e  c o u ld  b e  a c h ie v e d  f o r  co m p a rab le  a l l o y  
c o m p o s i t i o n s .  I n  a d d i t i o n ,  e n c o u ra g in g  r e s u l t s  w ere  o b t a in e d  by 
a d d in g  a sm a l l  1 wt%) amount o f  z i n c ,  w h i l s t  i r o n  (ev en  a t  l e v e l s
be low  0 .3  wt%) was i d e n t i f i e d  a s  b e in g  a d e t r i m e n t a l  i m p u r i t y .
The p r e s e n t  r e s e a r c h  i n v o l v e s  a s e r i e s  o f  Al-Cu-Mg-Ag a l l o y s ,  
f o r m u la t e d  on th e  b a s i s  o f  t h e  above  d a t a  and p r e p a r e d  by th e  sand  
c a s t i n g  r o u t e ,  and c o n c e rn s  p a r t i c u l a r l y  t h e  r e l a t i o n s h i p  be tw een  
m i c r o s t r u c t u r e  o f  t h e  c a s t  a l l o y s  and t h e i r  m e c h a n ic a l  p r o p e r t i e s .
The r e s e a r c h  can  be  c o n s id e r e d  a s  h a v in g  t h r e e  o b j e c t i v e s :
( i )  t o  s tu d y  th e  e f f e c t  on m i c r o s t r u c t u r e  o f  v a r y i n g  t h e  
amount o f  magnesium, s i l v e r  and z i n c  on th e  p r e c i p i t a t i o n  
b e h a v io u r  o f  an a lu m in iu m -c o p p e r  a l l o y ;
( i i )  t o  r e l a t e  t h e  r e s u l t i n g  m i c r o s t r u c t u r e s  w i t h  th e  
m e c h a n ic a l  b e h a v io u r  o f  t h e  a l l o y s ;
( i i i )  t o  c a r r y  o u t  a  p r e l i m i n a r y  s tu d y  o f  s t r e s s - c o r r o s i o n  o f  




2.1  M a t e r i a l s
The s a n d - c a s t  a lum in ium  a l l o y s  u se d  in  t h i s  i n v e s t i g a t i o n  were 
s u p p l i e d  by ARE, P o r t l a n d  i n  th e  form  o f  p l a t e s  m e a s u r in g  345 mm x 
205 ram x 14 mm t h i c k n e s s .  These were f a b r i c a t e d  u s i n g  a b o t to m - f e d  
CO^ bonded s i l i c a  sand  m o u ld ,  and a f t e r  p o u r in g  w ere  a l lo w e d  to  c o o l  
i n  a i r .
C hem ica l  a n a l y s i s  o f  t h e  a l l o y s  was c a r r i e d  o u t  a t  ARE, P o r ta n d  
l a b o r a t o r i e s .  The r e s u l t s  a r e  g iv e n  i n  T a b le  2 . 1 ,  n o m in a l  c o m p o s i t io n s  
b e i n g  g iv e n  i n  b r a c k e t s .
2 .2  H eat T re a tm e n t
S o l u t i o n  t r e a t m e n t  o f  t h e  c a s t  a l l o y s  was c a r r i e d  o u t  u s in g  a 
m u f f l e  f u r n a c e  w i t h  a f lo w in g  a tm o sp h e re  o f  a r g o n .  The a rg o n  was 
n e c e s s a r y  t o  a v o id  p r e f e r e n t i a l  o x i d a t i o n  o f  m agnesium  and th e  
c o n s e q u e n t  d e p l e t i o n  o f  s u r f a c e  r e g i o n s  i n  t h i s  e l e m e n t .  The s o l u t i o n  
t r e a t m e n t  c o n s i s t e d  o f  a  p r e l i m i n a r y  t r e a t m e n t  o f  6 h o u r s  a t  500°C 
± 5°C , fo l lo w e d  im m e d ia te ly  by 42 h o u rs  a t  525°C ± 5°C and th e n  
q u e n c h in g  i n t o  w a te r  a t  room t e m p e r a t u r e .
P r e c i p i t a t i o n  a g e in g  t r e a t m e n t s  w ere  c o n d u c te d  i n  an o i l  b a th  
w h ich  c o u ld  be c o n t r o l l e d  t o  ± 2°C f o r  t e m p e r a t u r e s  up to  200°C.
A geing  was c a r r i e d  o u t  on a l l  a l l o y s  a t  t e m p e r a t u r e s  o f  140°C and 
170°C .
2 .3  O p t i c a l  M ic ro scopy
Sam ples o f  e a c h  a l l o y  i n  v a r i o u s  h e a t - t r e a t e d  c o n d i t i o n s  w ere  
m ounted  i n  epoxy c o l d - c u r i n g  r e s i n .  The spec im en  s u r f a c e s  were p r e ­
p a re d  by a b r a d i n g  on emery p a p e r  down t o  600 g r a d e ,  f o l lo w e d  by 
p o l i s h i n g  on c l o t h s  im p re g n a te d  w i t h  f i r s t  " B r a s s o "  and th e n  " S i l v o " .  
The s u r f a c e s  w ere  f i n a l l y  f i n i s h e d  u s in g  a lu m in a  down t o  0 .1  pm g r a d e .
S u r f a c e s  w ere  exam ined  i n  t h e  a s - p o l i s h e d  c o n d i t i o n  and a l s o  
a f t e r  e t c h i n g  i n  a  s o l u t i o n  o f  5 ml n i t r i c  a c i d  and 2 ml h y d r o f l u o r i c  
a c i d  i n  100 ml d i s t i l l e d  w a t e r .  E tc h in g  f o r  a p p r o x im a te ly  10 se co n d s  
was s u f f i c i e n t  t o  r e v e a l  m i c r o s t r u c t u r a l  f e a t u r e s  such  a s  g r a i n  
b o u n d a r i e s  and second  p h a s e s .
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T a b le  2 .1  
C o m p o s i t io n s  o f  A l lo y s  S t u d ie d  
A l l  c o m p o s i t i o n s  i n  w e ig h t  % . Nominal c o m p o s i t i o n s  i n  b r a c k e t s .
Element (wt%)
A llo y Cu Mg Ag Zn Mn Ti Fe S i A1
A3 4 .6 6
( 4 .5 )
0 .7 4
( 0 .7 5 )
0 .5 7




(0 .3 0 )
0 .1 8
( 0 .2 )
0 .0 2
(0)
0 .0 2 9
(0)
B a l .
(B al)
A4 4 .7 2
( 4 .5 )
0 .6 6
(0 .7 5 )
0 .61
( 0 .7 5 )
1 .13
( 1 .2 )
0 .2 9
( 0 .3 )
0 .1 7
( 0 .2 )
0 .0 2
(0)
0 .0 2 5
(0)
B a l .
(B al)
A5 4 .8
( 4 .5 )
0 .2 3
( 0 .2 5 )
0 .5 0




(0 .3 0 )
0 .1 8
( 0 .2 )
0 .0 2
(0)




2 .4  H a rd n e ss  T e s t i n g
H a rd n e ss  m easu rem en ts  were made u s in g  a V ic k e r s  t e s t i n g  m achine  
w i t h  a  2 .5  kg lo a d  on m e t a l l o g r a p h i c a l l y  p r e p a r e d  sam ples  in  th e  
a s - p o l i s h e d  c o n d i t i o n .  Ten r e a d i n g s  w ere  a v e ra g e d  f o r  e ach  sa m p le .
2 .5  E l e c t r o n  M ic roscopy  and A n a ly s i s
When an e l e c t r o n  beam i s  d i r e c t e d  a t  t h e  specim en  jv a r io u s  i n t e r ­
a c t i o n s  c an  o c c u r ,  a s  shown s c h e m a t i c a l l y  i n  F i g u r e  2 . 1 .  I f  t h e  
spec im en  i s  s u i t a b l y  t h i n  e l e c t r o n s  c an  p e n e t r a t e  t h e  specim en  to  
g iv e  i n f o r m a t i o n  on i t s  c r y s t a l  s t r u c t u r e  and m orpho logy . A d d i t i o n ­
a l l y ,  t o p o g r a p h i c a l  i n f o r m a t io n  on s u r f a c e s  can  be o b t a i n e d  by im aging  
b a c k - s c a t t e r e d  and s e c o n d a ry  e l e c t r o n s .  To complement t h e s e  d a t a ,  
e le m e n ts  p r e s e n t  i n  t h e  specim en  can  be i d e n t i f i e d  by a n a l y s i s  o f  th e  
X - ra y s  p ro d u c e d  by t h e  e l e c t r o n  bom bardm ent.
Such t e c h n i q u e s  have  been  u se d  e x t e n s i v e l y  th ro u g h o u t  t h e  
r e s e a r c h  and a r e  d e t a i l e d  be low .
2 .5 .1  S c a n n in g  e l e c t r o n  m ic ro sc o p y  (SEM)
The s c a n n in g  e l e c t r o n  m ic ro sc o p e  (SEM) h a s  a g r e a t e r  r e s o l ­
v i n g  power ( 'v- 10 nm ) t h a n  th e  o p t i c a l  m ic r o s c o p e ,  and a l s o  l i t t l e
sam ple  p r e p a r a t i o n  i s  n e c e s s a r y  f o r  t h e  m a j o r i t y  o f  a p p l i c a t i o n s .  In  
th e  SEM an e n e r g e t i c  e l e c t r o n  beam, c h a r a c t e r i s e d  by i t s  a c c e l e r a t i n g  
v o l t a g e  ( t y p i c a l l y  5 kV to  25 k V ) , i s  p r o j e c t e d  o n to  th e  spec im en  by 
a s e r i e s  o f  e l e c t r o m a g n e t i c  l e n s e s .  When t h e  beam h i t s  t h e  specim en  
v a r i o u s  i n t e r a c t i o n s  w i th  t h e  specim en  o c c u r .  F i r s t l y ,  some o f  th e  
p r im a ry  e l e c t r o n s  a r e  r e f l e c t e d  b ack  from  th e  s u r f a c e  and a r e  
c o l l e c t e d  i n  a s c i n t i l l a t o r - l i g h t  p i p e - p h o t o m u l t i p l i e r  c o m b in a t io n  
and an image o f  t h e  s u r f a c e  i s  f i n a l l y  form ed on a  c a th o d e - r a y  tu b e  
(CRT). T hese  r e f l e c t e d  (b ack  s c a t t e r e d )  p r im a ry  e l e c t r o n s  have  
s u f f i c i e n t  e n e rg y  ( t e n s  o f  k i l o v o l t s )  t o  emerge from  deep ( '‘-/S&nrn) w i t h ­
i n  t h e  spec im en  a n d ,  a l t h o u g h  th e y  a r e  s e n s i t i v e  t o  t h e  o r i e n t a t i o n  o f  
t h e  sp e c im e n ,  t h e y  a r e  r e l a t i v e l y  u n a f f e c t e d  by t h e  e x a c t  n a t u r e  o f  
t h e  s u r f a c e .  On t h e  o t h e r  h a n d ,  some o f  t h e  s e c o n d a ry  e l e c t r o n s  
e m i t t e d  from  th e  s u r f a c e  have  such  low e n e r g i e s  (<50eV) t h a t  t h e y  can 
o n ly  e s c a p e  f rom  w i t h i n  10-20 nm o f  th e  spec im en  s u r f a c e .  These  
s e c o n d a ry  e l e c t r o n s  a r e ,  t h e r e f o r e ,  h e a v i l y  i n f l u e n c e d  by th e  e x a c t  
n a t u r e  o f  t h e  s u r f a c e  o f  t h e  specim en  and a s  such  c an  r e v e a l  a g r e a t e r  
w e a l th  o f  i n f o r m a t i o n  r e g a r d i n g  th e  spec im en  s u r f a c e .
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primary electrons
b a c k sc a t te r e d  e lec tro n s
secondary e lec trons
cathodoluminescence x-rays
ab sorb ed  e lec tr o n s
transm itted e lec tro n s
Figure 2.1 Phenomena associated with e lectron- 
specimen interaction
A JEOL 35C s c a n n in g  e l e c t r o n  m ic ro sc o p e  (SEM) o p e r a t i n g  a t  
25 kV was u sed  t o  exam ine  th e  f r a c t u r e  s u r f a c e s  o f  b o th  t e n s i l e  and 
s t r e s s - c o r r o s i o n  t e s t  s p e c im e n s .  A l l  spec im ens  were f i r s t  c l e a n e d  in  
d e - i o n i s e d  w a te r  and  e t h a n o l ,  and mounted on a lum inium  s t u b s  w i t h  
s i l v e r  p a i n t  b e f o r e  i n s e r t i o n  in  t h e  SEM.
2 .5 .2  E l e c t r o n - p r o b e  m i c r o a n a l y s i s  (EPMA)
As m en t io n e d  p r e v i o u s l y ,  when a specim en  i s  bombarded w i t h  an 
e l e c t r o n  beam X - r a y s  may be p ro d u ce d  in  t h e  f o l l o w in g  way. The 
i n c i d e n t  e l e c t r o n  c o l l i d e s  w i th  an  e l e c t r o n  i n  th e  c o re  s h e l l s  o f  an 
atom  i n  th e  sp ec im en  c a u s i n g  i t  t o  be e j e c t e d .  In  o r d e r  t o  s t a b i l i s e  
t h e  a tom  an e l e c t r o n  from  a h i g h e r  e n e rg y  o r b i t  f a l l s  i n t o  t h i s  
v a c a n c y ,  th e  e x c e s s  e n e rg y  a s s o c i a t e d  w i t h  t h i s  e l e c t r o n  t r a n s i t i o n  
b e in g  e m i t t e d  a s  an  X - ra y  p h o to n .  S in c e  e a c h  s p e c i e s  o f  a tom  h a s  i t s  
own c h a r a c t e r i s t i c  e l e c t r o n  e n e rg y  l e v e l s ,  t h e  X -ray  p h o to n  w i l l  a l s o  
be c h a r a c t e r i s t i c  o f  t h e  e m i t t i n g  a tom . M easurement o f  t h e  e n e r g y ,  o r  
w a v e le n g th ,  t h u s  p r o v i d e s  a means o f  i d e n t i f y i n g  th e  e l e m e n t ,  w h i l s t  
r e c o r d i n g  i t s  i n t e n s i t y  g iv e s  a  m easu re  o f  t h e  c o n c e n t r a t i o n  o f  th e  
e le m e n t .  A n a ly s i s  o f  X -ray  e m is s io n  s p e c t r a  from  th e  spec im en  may be 
c a r r i e d  o u t  u s i n g  e i t h e r  a  w a v e l e n g t h - d i s p e r s i v e  s p e c t r o m e te r  (WDS) o r  
an e n e r g y - d i s p e r s i v e  s p e c t r o m e te r  (EDS).
A w a v e l e n g t h - d i s p e r s i v e  X -ray  s p e c t r o m e te r  (WDS) u s e s  a  c r y s t a l  
o f  known i n t e r p l a n a r  s p a c in g  t o  d i f f r a c t  th e  X -ray s  e m i t t e d  from  a 
s p ec im en .  M easurem ent o f  t h e  d i f f r a c t i o n  a n g l e ,  0 , t h u s  g i v e s  t h e  
X -ray  w a v e le n g th  a c c o r d i n g  t o  t h e  Bragg l a w ,  nA = 2d s i n  0 .  T h is  
d i f f r a c t e d  beam o f  X - r a y s  i s  d e t e c t e d  and i t s  i n t e n s i t y  m ea su red  by a 
gas  p r o p o r t i o n a l  c o u n t e r .  By s e t t i n g  th e  s p e c t r o m e te r  t o  a  p a r t i c u l a r  
Bragg a n g le  so  a s  t o  s e l e c t  a  p a r t i c u l a r  X -ray  e n e rg y ,  t h e  v a r i a t i o n  
i n  c o n c e n t r a t i o n  o f  e a c h  d e t e c t e d  e le m e n t  i n  th e  specim en c a n  be  
m o n i to re d  by m oving t h e  e l e c t r o n  beam r e l a t i v e  to  th e  sp e c im e n .  
S i m i l a r l y ,  X -ra y  maps o f  s e l e c t e d  e le m e n ts  can  be p ro d u ce d  u s i n g  t h e  
e l e c t r o n  beam s c a n n i n g  mode.
I n  e n e r g y - d i s p e r s i v e  s p e c t r o m e t r y  (EDS) th e  X -ray s  e n t e r  t h e  
d e t e c t o r ,  an  S i ( L i )  s e m i - c o n d u c to r  k e p t  u n d e r  h ig h  vacuum and a t  
l i q u i d  n i t r o g e n  t e m p e r a t u r e ,  th ro u g h  a t h i n  b e r y l l i u m  window. E l e c t r o n -  
h o l e  p a i r s  a r e  c r e a t e d  by i o n i s a t i o n  w i t h i n  t h e  d e t e c t o r ,  t h e  number 
o f  t h e s e  p a i r s  b e i n g  p r o p o r t i o n a l  to  t h e  X -ray  e n e rg y .  I n  a  S i ( L i )
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d e t e c t o r  th e  e n e rg y  r e q u i r e d  t o  c r e a t e  a p a i r  i s  a b o u t  3 .8eV . The 
t o t a l  c h a rg e  p ro d u c e d  by th e  i n c i d e n t  X -ray  pho ton  i s  c o l l e c t e d  a t  th e  
e l e c t r o d e s ,  a m p l i f i e d  and th e n  f e d  t o  a  m u l t i c h a n n e l  a n a l y s e r  (MCA) in  
w h ich  th e  p u l s e s  a r e  s e p a r a t e d  i n  te rm s  o f  a m p l i tu d e  and s t o r e d  in  
memory c h a n n e l s  c o r r e s p o n d in g  t o  t h e s e  a m p l i t u d e s ,  i e  X -ray  p h o to n  
e n e r g i e s .  The r e s u l t i n g  s p e c t ru m  c a n  be d i s p l a y e d  on a CRT, p l o t t e d  
on an  X-Y r e c o r d e r ,  o r  s t o r e d  on m a g n e t ic  t a p e .  I n  a d d i t i o n ,  X -ray  
maps c an  be p r o d u c e d .
WDS and EDS a r e  com plem en tary  r a t h e r  th a n  c o m p e t i t i v e .  The EDS 
sy s te m  h a s  t h e  a d v a n ta g e  o f  sp e ed  o f  s p e c t ru m  a c q u i s i t i o n  and i t  can  
g iv e  r e s u l t s  a t  low beam c u r r e n t s  ( e s s e n t i a l  f o r  f r a g i l e  s p e c im e n s ) ,  
and from  ro u g h  s u r f a c e s .  On th e  o t h e r  h a n d ,  th e  WDS h a s  h i g h e r  a c c u r a c y  
and e n e rg y  r e s o l u t i o n ,  g iv in g  lo w er  d e t e c t a b i l i t y  l i m i t s  and b e t t e r  
p e r fo rm a n c e  w i t h  l i g h t  e l e m e n t s .  B o th  a n a l y s i s  t e c h n i q u e s  were u se d  
d u r in g  th e  c o u r s e  o f  t h i s  w ork .
The JEOL 35C was f i t t e d  w i t h  an  EDS sy s te m  and t h i s  was u se d  to  
a n a ly s e  th e  f r a c t u r e  s u r f a c e s  o f  t h e  s t r e s s - c o r r o s i o n  t e s t  p i e c e s  
w here  c o r r o s i o n  p r o d u c t s  may have  b e e n  p r e s e n t .
A JEOL JXA 733 e l e c t r o n - p r o b e  m ic r o a n a l y s e r  f i t t e d  w i t h  t h r e e  WDS 
sy s te m s  was em ployed t o  m easu re  e l e m e n t a l  c o n c e n t r a t i o n s  i n  a lum in ium  
a l l o y s  b e f o r e  and a f t e r  s o l u t i o n  t r e a t m e n t .  A n a ly s i s  h e r e  was c a r r i e d  
o u t  on spec im ens  i n  th e  a s - p o l i s h e d  c o n d i t i o n .
2 .5 .3  T r a n s m is s io n  e l e c t r o n  m ic ro sc o p y  (TEM)
The o p e r a t i o n  o f  t h e  TEM depends  p r i m a r i l y  upon th e  f a c t  t h a t  f a s t  
e l e c t r o n s  a r e  d e f l e c t e d  by m a g n e t ic  f i e l d s  and can be f o c u s s e d  by 
s u i t a b l y  c o n s t r u c t e d  m ag n e t ic  l e n s e s .  T hus ,  in  p r i n c i p l e ,  e l e c t r o n s  
can  be u se d  i n  t h e  same way a s  l i g h t  t o  fo rm  a  m a g n i f ie d  image o f  an  
o b j e c t .  However, s i n c e  t h e  w a v e le n g th s  o f  t h e  wave r e p r e s e n t i n g  f a s t  
e l e c t r o n s  a r e  s h o r t  (0 .0 3 7  &  a t  100 keV) t h e  r e s o l u t i o n  o f  a m ic r o ­
scope  u s in g  e l e c t r o n s  w i l l  be much h i g h e r  t h a n  i s  p o s s i b l e  w i th  an  
o p t i c a l  m ic r o s c o p e ,  c u r r e n t  TEM*s h a v in g  a s p a t i a l  r e s o l u t i o n  be low  
^  0 .5  nm.
The maximum t h i c k n e s s  o f  sp ec im en  u s a b l e  in  TEM depends  upon th e  
a to m ic  number o f  t h e  m a t e r i a l ,  b u t  i s  t y p i c a l l y  500 nm f o r  spec im ens  
composed o f  l i g h t  e l e m e n t s ,  d e c r e a s i n g  t o  l e s s  th an  h a l f  t h i s  v a lu e  
f o r  m a t e r i a l s  o f  h i g h e r  a tom ic  num ber. A ls o ,  th e  g r e a t e r  t h e  e l e c t r o n
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e n e rg y  t h e  b e t t e r  th e  t r a n s m i s s i o n  th r o u g h  th e  sp e c im e n ,  so m ic ro ­
s c o p e s  a r e  g e n e r a l l y  c o n s t r u c t e d  t o  ru n  a t  th e  h i g h e s t  a c c e l e r a t i n g  
v o l t a g e  t h a t  c an  c o n v e n ie n t l y  be u s e d ,  100 kV to  200 kV in  modern 
i n s t r u m e n t s .
As th e y  p a s s  th ro u g h  th e  t h i n  s p e c im e n ,  th e  e l e c t r o n  waves 
i n t e r a c t  w i th  i t s  s t r u c t u r e  and may s u f f e r  c o n s e q u e n t  c h a n g es  in  
a m p l i tu d e  and p h a s e .  The t r a n s m i t t e d  e l e c t r o n s  ( s e e  F i g u r e  2 .1 )  can  
be p r o j e c t e d  o n to  a f l u o r e s c e n t  s c r e e n  by a f u r t h e r  s e r i e s  o f  m ag n e t ic  
l e n s e s  be low  t h e  specim en to  fo rm  an  im age . A s c h e m a t ic  r a y  d iag ram  
i s  shown in  F i g u r e  2 .2 a .  I f  th e  sp ec im en  i s  c r y s t a l l i n e  th e n  a l l  t h e  
s u i t a b l y  o r i e n t e d  s e t s  o f  l a t t i c e  p l a n e s  w i l l  s c a t t e r  e l e c t r o n s  i n t o  
c o r r e s p o n d in g  d i f f r a c t e d  beam s. I f  t h e  second  c o n d e n s e r  l e n s  c u r r e n t  
i s  s u f f i c i e n t l y  r e d u c e d ,  p a r a l l e l  i l l u m i n a t i o n  w i l l  f a l l  on th e  
spec im en  so t h a t  e l e c t r o n s  i n  any g iv e n  d i f f r a c t e d  beam w i l l  be 
t r a v e l l i n g  p a r a l l e l  t o  e a ch  o t h e r .  As th e y  a r e  b r o u g h t  t o  f o c u s  in  
th e  b ack  f o c a l  p l a n e  o f  th e  o b j e c t i v e  l e n s  (A in  F i g u r e  2 . 2 ) ,  an 
e l e c t r o n  d i f f r a c t i o n  p a t t e r n  w i l l  be  form ed t h e r e .  T h i s  p l a n e  can  be 
fo c u s s e d  o n to  t h e  p r o j e c t o r  l e n s  o b j e c t  p l a n e  by r e d u c i n g  t h e  i n t e r ­
m e d ia te  l e n s  c u r r e n t  w i th  t h e  r e s u l t  t h a t  an e n l a r g e d  image o f  th e  
d i f f r a c t i o n  p a t t e r n  a p p e a r s  on th e  v ie w in g  s c r e e n .  T h is  s i t u a t i o n  i s  
shown s c h e m a t i c a l l y  in  F ig u r e  2 .2 b .
I t  i s  p o s s i b l e  to  a n a ly s e  s m a l l  a r e a s  o f  th e  sp ec im en  by 
i n s e r t i n g  an  a p e r t u r e  i n  t h e  o b j e c t  p l a n e  o f  th e  i n t e r m e d i a t e  l e n s  
(eg  a t  B i n  F i g u r e  2 . 2 ) .  I f  t h e  TEM i s  now a d j u s t e d  t o  show th e  
d i f f r a c t i o n  p a t t e r n ,  t h i s  p a t t e r n  i s  fo rm ed  o n ly  by t h o s e  e l e c t r o n s  
p a s s i n g  th ro u g h  th e  a p e r t u r e  a t  p o i n t  B and c o r r e s p o n d s  t o  t h e  s e l e c t e d  
a r e a  v i s i b l e  on th e  s c r e e n  w i th  t h e  a p e r t u r e  in  p o s i t i o n .  By r e c o r d i n g  
t h i s  s e l e c t e d  a r e a  d i f f r a c t i o n  p a t t e r n  (SADP) th e  c r y s t a l  s t r u c t u r e  o f  
a  s m a l l  a r e a  c an  be a n a ly s e d .
TEM was u se d  e x t e n s i v e l y  th r o u g h o u t  t h e  p r o j e c t  t o  a n a ly s e  
p r e c i p i t a t e s  i n  t h e  a l l o y s  and a l s o  t o  m easu re  p r e c i p i t a t e  p o p u l a t i o n s  
( " d e n s i t i e s " ) . These t e c h n i q u e s  w i l l  be  d e s c r i b e d  i n  t h e  f o l l o w i n g  
s e c t i o n s .
2 . 5 . 3 . 1  P r e c i p i t a t i o n  s t u d i e s
F o r  TEM s t u d i e s  s l i c e s  o f  a l l o y  'v 3 mm t h i c k  w ere  c u t  from  th e  






Figure 2.2 Schematic ray diagrams for (a) image and
(b)diffraction pattern formation in the TEM.
m e t a l l u r g i c a l  c o n d i t i o n ,  a s  a s s e s s e d  p r e v i o u s l y  from  c u rv e s  o f  h a r d n e s s  
v e r s u s  a g e in g  t im e .
N e x t ,  t h e  t r e a t e d  s l i c e s  w ere  g round  on s u c c e s s i v e l y  f i n e r  
g r a d e s  o f  emery p a p e r  t o  a t h i c k n e s s  o f  ^  0 .2  mm, from  w hich  d i s c s  3 mm 
i n  d i a m e te r  were stamped o u t .  The d i s c s  were e l e c t r o p o l i s h e d  in  a 
T enupo l  e l e c t r o p o l i s h i n g  u n i t  u s i n g  a s o l u t i o n  o f  20% n i t r i c  a c id  and 
80% m e th a n o l  a s  e l e c t r o l y t e .  The s o l u t i o n  was m a in ta in e d  a t  -20°C 
u s i n g  l i q u i d  n i t r o g e n  as  c o o l a n t ,  and th e  a p p l i e d  v o l t a g e  c o n t i n u a l l y  
a d j u s t e d  i n  o r d e r  to  m a i n t a i n  a  c o n s t a n t  c u r r e n t  o f  140 mA. A p h o to ­
e l e c t r i c  c e l l  d e v ic e  i n c o r p o r a t e d  i n  th e  Tenupol a p p a r a tu s  i n d i c a t e d  
when t h e  specim en  was t h in n e d  t o  p e r f o r a t i o n ,  upon w hich  th e  v o l t a g e  
t o  t h e  c e l l  sw i tc h e d  o f f .  Upon p e r f o r a t i o n ,  spec im ens  were removed 
i m m e d ia te ly ,  th o ro u g h ly  washed i n  e th a n o l  and t r a n s f e r r e d  t o  th e  
e l e c t r o n  m ic r o s c o p e ,  a  JEOL 100CX i n s t r u m e n t  o p e r a t i n g  a t  100 kV. 
S e l e c t e d  a r e a  d i f f r a c t i o n  p a t t e r n s  w ere  t a k e n ,  c o r r e s p o n d in g  t o  e a c h  
e l e c t r o n  m ic r o g ra p h ,  f o r  c r y s t a l l o g r a p h i c  a n a l y s i s .
I n t e r p l a n a r  (d) s p a c in g s  w ere  c a l c u l a t e d  a s  f o l l o w s .  F ig u re  2 .3  
i s  a r a y  d ia g ra m  showing a d i f f r a c t i o n  s p o t  p ro d u ce d  on a p h o to g r a p h ic  
p l a t e  a t  p o s i t i o n  P by e l e c t r o n s  o f  w aveL eng th , X, i n c i d e n t  on th e  
spec im en  S; 0 i s  th e  p o s i t i o n  w here  u n d i f f r a c t e d  e l e c t r o n s  ( th e  
d i r e c t  beam) s t r i k e  th e  p l a t e .  From th e  d iag ra m  we may w r i t e :
w here  R i s  t h e  d i s t a n c e  from  0 t o  P and L i s  t h e  cam era  l e n g t h .  Now 
s i n c e  d i f f r a c t i o n  a n g le s  a r e  s m a l l ,  a  few d e g re e s  o r  l e s s ,  th e  e q u a t i o n  
a p p ro x im a te s  t o :
Tan 20 RL
20 RL (2 . 1)
And from  t h e  Bragg law ,
nX « 2d s i n  0 ( 2 . 2)
E l i m i n a t i n g  0 th e n  g i v e s :
R • ^nX = — l e  d
Li
The te rm  XL i s  known a s  t h e  "cam era  c o n s t a n t "  and s in c e  t h e  o p e r a t i n g  








Figure 2.3 Schematic diagram showing the relationship between 
the camera length,L,and the diffraction spot on a 
S.A.D pattern.
t o  be d e te r m in e d  from  m easu rem en ts  on a known c r y s t a l  s t r u c t u r e ;  i n  
th e  p r e s e n t  work th e  m a t r i x  o f  p u re  a lum in ium  was u s e d .  As w e l l  a s  
a n a l y s i n g  th e  c r y s t a l  s t r u c t u r e  o f  p r e c i p i t a t e s  from  th e  d i f f r a c t i o n  
p a t t e r n s  t h e  o r i e n t a t i o n  r e l a t i o n s h i p  o f  t h e  p r e c i p i t a t e  w i th  r e s p e c t  
to  t h e  a lum in ium  l a t t i c e  was e s t a b l i s h e d .
The s i z e s  o f  p r e c i p i t a t e s  w ere  m easu red  from  e l e c t r o n  m ic r o ­
g ra p h s  e n l a r g e d  t o  t h e  same s c a l e .  M easurem ents  w ere  made u s in g  a X4 
m a g n i f i c a t i o n  g r a t i c u l e  w i t h  an  a c c u r a c y  o f  ± 0 . 2  mm. V a lu e s  o f  a c t u a l  
p r e c i p i t a t e  s i z e s  w ere  t h e n  c a l c u l a t e d  u s in g  a com pu te r  p ro g ram  ( s e e  
a p p e n d ix  1) w hich  a l s o  com puted th e  mean and s t a n d a r d  d e v i a t i o n  o f  
p r e c i p i t a t e  s i z e s .  Where p o s s i b l e  a minimum o f  f i v e  h u n d red  p r e c i p i ­
t a t e s  w ere  m easu red  t o  im prove s t a t i s t i c a l  a n a l y s i s .
2 . 5 . 3 . 2  P r e c i p i t a t e  d e n s i t y  d e t e r m i n a t i o n
The image form ed by a  TEM i s  a  m a g n i f ie d  tw o - d im e n s io n a l  
p r o j e c t i o n  o f  t h e  o b j e c t  and f o r  d e te r m in in g  p r e c i p i t a t e  d e n s i t i e s  t h e  
l o c a l  f o i l  t h i c k n e s s  m ust be a c c u r a t e l y  m e a s u re d .  A v a r i e t y  o f  
t e c h n i q u e s  have  been  a d o p te d  f o r  m e a s u r in g  th e  t h i c k n e s s  o f  a  t h i n  f o i l ,  
some m ethods b e in g  more a c c u r a t e  and f l e x i b l e  i n  u s e  t h a n  o t h e r s .
A l th o u g h  t h i s  work w i l l  n o t  be rev ie w e d  h e r e ,  a  s h o r t  r e v ie w  o f  
th e  v a r i o u s  m ethods  u se d  p r e v i o u s l y  by o t h e r  w o rk e rs  i s  p r e s e n t e d  i n  
a p p e n d ix  2 .
The m ethod u se d  i n  t h e  p r e s e n t  i n v e s t i g a t i o n  in v o lv e d  t h e  
m easurem ent o f  t h e  con tin u u m  X -ra y  e m is s io n  from  t h e  a r e a  o f  i n t e r e s t  
and r e a d i n g  t h e  v a lu e  o f  t h e  f o i l  t h i c k n e s s  a t  t h i s  p o i n t  from  a 
p r e v i o u s  c o n s t r u c t e d  c a l i b r a t i o n  c u rv e  o f  f o i l  t h i c k n e s s  a s  a  f u n c t i o n  
o f  t h e  con tin u u m  X -ray  e m i s s io n .  The c o n s t r u c t i o n  o f  t h e  c a l i b r a t i o n  
c u rv e  and th e  m ethod o f  f o i l  t h i c k n e s s  d e t e r m i n a t i o n  a r e  d e t a i l e d  
be low .
As w e l l  a s  c o n v e n t i o n a l  TEM, th e  JEOL 100CX was e q u ip p e d  w i th
f a c i l i t i e s  f o r  s c a n n in g  t r a n s m i s s i o n  e l e c t r o n  m ic ro sc o p y  (STEM) and
e n e rg y  d i s p e r s i v e  X -ray  a n a l y s i s  (EDS) o f  s m a l l  a r e a s .  These  f a c i l i t i e s
were u s e d  t o  d e te rm in e d  f o i l  t h i c k n e s s .  An a lu m in iu m -4  wt % c o p p e r
(139)a l l o y  u s e d  i n  a  p r e v i o u s  i n v e s t i g a t i o n  was aged  f o r  100h a t  250°C
in  o r d e r  t o  p ro d u c e  l a r g e  p r e c i p i t a t e s ,  l y i n g  on {100} p l a n e s  o f  t h e  
a lum in ium  l a t t i c e ,  w hich  i n t e r s e c t e d  b o th  to p  and  b o t to m  o f  t h e  f o i l .
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(A t h i n  f o i l  was p ro d u ced  by th e  m ethod d e s c r i b e d  i n  s e c t i o n  2 . 5 . 3 . 1 ) .
T hese  p r e c i p i t a t e s  w ere  a l i g n e d  so t h a t  t h e y  l a y  p e r p e n d i c u l a r  t o  t h e  t i l t  
a x i s  o f  t h e  m ic ro sc o p e  and th e  p r o j e c t e d  w i d t h ,  w, o f  t h e  p r e c i p i t a t e s  was 
m e a s u re d .  They were t h e n  t i l t e d  u n t i l  th e y  w ere  l y i n g  p a r a l l e l  t o  t h e  
e l e c t r o n  beam and t h e  a n g le  o f  t i l t ,  0 ,  was n o t e d .  T hus ,  i t  was p o s s i b l e  t o  
d e te r m in e  t h e  f o i l  t h i c k n e s s ,  t ,  u n a m b ig u o u s ly  a t  s e v e r a l  p o i n t s  u s i n g  t h e  
e x p r e s s i o n ,  t  = w / ta n 0  ( s e e  F ig u r e  2 . 4 ) .
F o r  e a c h  p r o j e c t e d  w id th  m easurem ent a b o v e ,  t h e  c o n tin u u m  b ack g ro u n d  l e v e l  
was r e c o r d e d  from  two c h a n n e l s ,  3 .5  t o  5 .5  keV and 9 .5  t o  11 .5  keV, f o r  a  
p e r i o d  o f  200 l i v e  se conds  ( a f t e r  t i l t i n g  35° to w a rd s  t h e  x - r a y  d e t e c t o r )  . 
T y p ic a l  x - r a y  s p e c t r a  from  t h i n  and t h i c k  r e g i o n s  a r e  shown i n  F i g u r e  2 . 5 .
I t  must be no ted  t h a t  t h e  beam c u r r e n t  o f  a TEM w i l l  v a ry  from s e s s i o n  to  
s e s s i o n ,  and s i n c e ,  w i t h i n  th e  " t h i n  f i l m "  l i m i t ,  x - r a y  e m is s io n  v a r i e s  
l i n e a r l y  w i th  beam c u r r e n t  i t  was n e c e s s a r y  to  c o r r e c t  t h e  x - r a y  r e a d i n g s  
by r e c o r d i n g  t h e  beam c u r r e n t  a f t e r  each s e s s i o n  and u s i n g :  t h e  beam
c u r r e n t  a f t e r  th e  f i r s t  s e s s i o n  as b a s e l i n e .
Thus, a  c a l i b r a t i o n  c u rv e  o f  x - r a y  e m is s io n  a s  a  f u n c t i o n  o f  f o i l  t h i c k n e s s  
was c o n s t r u c t e d .  To o b t a i n  a  v a lu e  f o r  t h e  f o i l  t h i c k n e s s  a t  t h e  a r e a  o f  
i n t e r e s t ,  each  f o i l  was t i l t e d  35° to w a rd s  t h e  x - r a y  d e t e c t o r  and t h e  x - r a y
e m is s io n  i n  t h e s e  two c h a n n e l s  was r e c o r d e d ,  a g a in  f o r  a  t im e  o f  200 l i v e
s e c o n d s .  The v a lu e  o f  f o i l  t h i c k n e s s  was t h e n  s im p ly  r e a d  from  t h e  
c a l i b r a t i o n  c u rv e .
2 .6  M echan ica l  T e s t i n g
2 .6 .1  T e n s i l e  t e s t i n g
The d im en s io n s  o f  t h e  t e n s i l e  t e s t  p i e c e s  a r e  i l l u s t r a t e d  i n
F ig u r e  2 . 6 .  T e s t s  w ere  c a r r i e d  o u t  on an  I n s t r o n  1195 t e s t i n g  m ach in e
w i th  an I n s t r o n  2620-601 e x te n s o m e te r  a t t a c h e d  t o  t h e  specim en t o
r e c o r d  e x t e n s i o n .  A l l  t e s t s  w ere  c a r r i e d  o u t  u s in g  a s t r a i n  r a t e  o f  
- 4 - 16 .6 7  x 10 S . A minimum o f  t e n  sp e c im en s  were t e s t e d  f o r  e a c h  a l l o y  
in  th e  v a r i o u s  m e t a l l u r g i c a l  c o n d i t i o n s  d e t a i l e d  be low :
( i )  A s - s o l u t i o n  t r e a t e d .
( i i )  Peak h a r d n e s s  a t  140°C.
( i i i )  Peak h a r d n e s s  a t  170°C.
From th e  l o a d - e x t e n s i o n  c u r v e s  p r o v i d e d ,  t h e  0.2% s t r e s s  and  
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Figure 2.4 Principle of the foil t i lt  method f 
fo il thickness measurement.
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F ig u re  2 .5  E lec t ro n  micrographs and EDS s p e c t r a  from a t h i n  f o i l
prepared  from overaged Al-Cu a l l o y  showing p r e c i p i t a t e s  
on 100 p lanes  which i n t e r s e c t  both top  and bottom of 
the f o i l  from (a) t h i n  and (b) t h i c k  r e g io n s  o f  the  
f o i l .
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Figure 2.7 Environmental test piece.
2 . 6 . 2  E n v iro n m e n ta l  t e s t i n g
The d im e n s io n s  o f  th e  t e s t  p i e c e s  u se d  in  th e  e n v i r o n m e n ta l  
t e s t  p rog ram  a r e  shown in  F ig u r e  2 . 7 .  They were h e a t - t r e a t e d  in  t h i s  
form  and t e s t e d  i n  t h e  a s - h e a t  t r e a t e d  c o n d i t i o n .
A p h o to g ra p h  o f  t h e  e n v i r o n m e n ta l  t e s t i n g  a p p a r a t u s ,  w hich  was 
c o n s t r u c t e d  a t  t h e  U n i v e r s i t y  o f  N e w c a s t le ,  i s  shown i n  F i g u r e  2 .8 .
I t  em bodies  two t e n s o m e te r s  w hich  o p e r a t e  e l e c t r i c a l l y  v i a  worm 
r e d u c t i o n  u n i t s .  U s ing  t h i s  a p p a r a t u s  a  number o f  c o n s t a n t  s t r a i n  
r a t e s  i n  t h e  r a n g e  3 x 10 ^ t o  3 x 10  ^ c o u ld  be employed by
s e l e c t i o n  o f  th e  a p p r o p r i a t e  g e a r  r a t i o .  A f t e r  p r e l i m i n a r y  t r i a l s  
on a l l  a l l o y s  i n  t h e  peak  h a r d n e s s  c o n d i t i o n ,  a s t r a i n  r a t e  o f  
1 .13  x  10  ^ was s e l e c t e d  a s  t h i s  s t r a i n  r a t e  r e v e a l e d  e v id e n c e  o f
some s t r e s s - c o r r o s i o n  c r a c k in g  (SCC) i n  a l l  a l l o y s  and gave t e s t  t im e s  
c o n v e n ie n t l y  w i t h i n  t h e  r a n g e  5 t o  30h . F o r  t e s t s  in  s y n t h e t i c  se a  
w a te r  an  e n c lo s e d  p e r s p e x  tu b e  f e d  by a c i r c u l a t i n g  pump was f i t t e d  
a ro u n d  th e  sa m p le .  The s y n t h e t i c  s e a  w a t e r  u sed  was t o  D efence  
S ta n d a r d  DEF 1053 and B r i t i s h  S ta n d a r d  BS3900 p a r t  F4 , and i t s  
c o m p o s i t io n  i s  g iv e n  i n  T a b le  2 .2
D u r in g  th e  p r o g r e s s  o f  a  t e s t  t h e  l o a d  was m o n i to re d  c o n t i n u o u s ly  
and d i s p l a y e d  on a  c h a r t  r e c o r d e r  a s  a f u n c t i o n  o f  t im e .  The t im e s  
t o  f a i l u r e  were n o t e d  a s  w e l l  a s  t e n s i l e  s t r e n g t h s .  At l e a s t  f i v e  
spec im ens  from  e a c h  a l l o y  w ere  t e s t e d ,  b o t h  in  a i r  and th e  s y n t h e t i c  
s e a  w a te r  e n v i r o n m e n t .  The m e t a l l u r g i c a l  c o n d i t i o n s  t e s t e d  a r e  l i s t e d  
b e low :
( i )  A s - s o l u t i o n  t r e a t e d .
( i i ) Peak h a r d n e s s  a t  170°C.
( i i i )  O veraged  a t  170°C.
U n f o r t u n a t e l y  i t  was im p o s s ib l e  t o  t im e  an e x p e r im e n t  so t h a t  
t h e  specim en  c o u ld  be  rem oved from  th e  s a l t  w a te r  e n v iro n m en t  
im m e d ia te ly  a f t e r  f r a c t u r e .  O b v io u s ly ,  i f  t h e  specim en w ere  n o t  
removed im m e d ia te ly  th e n  some d e g re e  o f  p o s t - f r a c t u r e  c o r r o s i o n  o f  
b o th  t h e  s t r e s s - c o r r o d e d  r e g i o n  and  th e  f i n a l  " d u c t i l e "  f r a c t u r e  m ig h t  
be e x p e c t e d .  T h e r e f o r e ,  i n  o r d e r  t h a t  t h i s  p o s s i b i l i t y  m ig h t  be checked  
sam p les  o f  e a c h  a l l o y  were p o l i s h e d  and immersed i n  th e  s a l t  w a te r  
e n v i ro n m e n t ,  a t  room t e m p e r a t u r e ,  f o r  s e v e r a l  h o u r s .  The exposed  
sam p les  were th e n  exam ined  u s in g  t h e  SEM and EDX f a c i l i t i e s .
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Figu re  2 .8  Environmental t e s t  a p p a r a tu s
T a b le  2 .2  
C o m p o s i t io n  o f  S y n t h e t i c  Sea W ater








2 6 . 50g 
2 .4 0 g  
3 .3 0 g  
0 . 73g
0 .2 0 g
0 .2 8 g
1 .1 0 g
+ d i s t i l l e d  w a t e r  -  made up t o  1000 m l.
CHAPTER 3
RESULTS
3 .1  A s - c a s t  m a t e r i a l s
A t y p i c a l  o p t i c a l  m ic ro g ra p h  o f  an  a s - c a s t  m i c r o s t r u c t u r e  i s  
i l l u s t r a t e d  i n  F i g u r e  3 . 1 .  T h is  shows a c o a r s e - g r a i n e d  s t r u c t u r e  
w i th  a  second  p h a s e  p r e s e n t  a t  t h e  g r a i n  b o u n d a r i e s ,  e s t i m a t e d  a t  
^5.0% by vo lum e. W ith in  th e  g r a i n s  a  p r o g r e s s i v e  d a r k e n in g  i s  
a p p a r e n t  i n  r e g i o n s  tow ards  t h e  g r a i n  b o u n d a r i e s  w hich  i s  i n d i c a t i v e  
o f  c o r i n g .  T h is  c o r i n g  i s  r e v e a l e d  more c l e a r l y  i n  t h e  s c a n n in g  
e l e c t r o n  m ic r o g r a p h ,  F ig u re  3 . 2 ,  t a k e n  from  an  u n e tc h e d  sp ec im en .
E l e c t r o n - p r o b e  m ic r o a n a l y s i s  o f  t h e  specim en  showed t h a t  t h e  
c e n t r e  o f  t h e  g r a i n  c o n ta i n e d  M ,3w t%  c o p p e r ;  th e  amount o f  c o p p e r  
d i s s o l v e d  i n  t h e  a lum in ium  i n c r e a s e d  to w a rd s  th e  g r a i n  b o u n d a r i e s  to  
g iv e  a  maximum o f  ^3 .8wt% . T h is  i s  i l l u s t r a t e d  i n  F ig u r e  3 . 3 .  O th e r
e le m e n ts  a n a ly s e d  w ere  a l s o  a s s o c i a t e d  w i t h  c o r in g  b u t  t o  a  l e s s e r
e x t e n t ,  F i g u r e  3 . 4 .
Only s m a l l  d i f f e r e n c e s  i n  c o m p o s i t i o n  were found  b e tw e en  th e  
g r a in - b o u n d a r y  p h a s e s  a n a ly s e d .  P h a se  A ( s e e  F ig u re  3 .5 )  c o n ta i n e d  
^50wt% c o p p e r  w h i l e  phase  B c o n t a i n e d  ^45wt% c o p p e r .  The z in c  l e v e l  
i n  t h e  p h a s e s  was l e s s  th a n  w i t h i n  t h e  g r a i n s ,  a l th o u g h  l i t t l e  
d i f f e r e n c e  was o b s e rv e d  be tw een  t h e  two p h a s e s .  T h e re  was a l s o  
l i t t l e  d i f f e r e n c e  i n  t h e  magnesium c o n t e n t  o f  th e  two p h a s e s .
However, b o th  s i l v e r  and m anganese w ere  p r e s e n t  i n  g r e a t e r  amounts i n
p h a se  B, M3.5wt% s i l v e r  and 1.5wt% m anganese  i n  phase  B compared to
'U).25wt% and M3.1wt% i n  p h a se  A r e s p e c t i v e l y .
3 .2  S o l u t i o n  t r e a t e d  m a t e r i a l s
The e s s e n t i a l  f e a t u r e s  o f  s o l u t i o n  t r e a tm e n t  w ere  t h a t ,  
f i r s t l y ,  t h e  c o r i n g  e f f e c t  h a s  b e e n  s u b s t a n t i a l l y  rem oved , a s  i l l u s ­
t r a t e d  i n  F i g u r e  3 . 6 ,  an  o p t i c a l  m ic r o g ra p h  o f  a l l o y  A3. The g r a i n s  
c o n ta i n e d  a  u n i fo r m  d i s t r i b u t i o n  o f  'v4.6wt% co p p e r  ( s e e  F ig u r e  3 . 3 ) .  
S e c o n d ly ,  t h e r e  was a l s o  a  s u b s t a n t i a l  r e d u c t i o n  i n  t h e  amount o f  
g r a i n  bou n d a ry  p h a s e s ,  <1% by volume b e i n g  p r e s e n t  a f t e r  s o l u t i o n  
t r e a t m e n t .
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Figure  3.1 Typica l  a s - c a s t  m i c r o s t r u c t u r e , a l l o y  A4. x 100
f i g u r e  3 .2  As-cast  m i c r o s t r u c t u r e , s c a n n i n g  e l e c t r o n  micrograph of  






























Figure 3.4 Concentration profiles of Zn and Ag across 
an as-cast grain.
Figure  3 .5  Grain boundary phases  ana lysed
Figure 3.6  S o lu t io n  t r e a t e d  m i c r o s t r u c t u r e , a l l o y  A3. x80
3 .3  A geing  c h a r a c t e r i s t i c s
In  t h i s  s e c t i o n  th e  s t u d i e s  on th e  p r e c i p i t a t i o n  h a r d e n in g  
b e h a v io u r  o f  a l l  a l l o y s  w i l l  be  p r e s e n t e d ,  t h e  r e s u l t s  b e in g  
p r e s e n t e d  i n  t h e  f o l l o w i n g  o r d e r .  F i r s t l y ,  t h e  p r e c i p i t a t i o n  h a rd e n ­
in g  r e s p o n s e  a t  b o t h  a g e in g  t e m p e r a t u r e s  w i l l  be  p r e s e n t e d .
S e c o n d ly ,  t h e  m i c r o s t r u c t u r e  o f  a l l  a l l o y s  i n  t h e  p e a k  h a r d n e s s  con­
d i t i o n  w i l l  b e  shown, w i th  p a r t i c u l a r  r e f e r e n c e  t o  t h e  s t r u c t u r e  p r o ­
duced  on a g e in g  a t  170°C. N e x t ,  t h e  c a l i b r a t i o n  c u r v e  f o r  f o i l  
t h i c k n e s s  d e t e r m i n a t i o n s  and  th e  r e s u l t a n t  e r r o r  i n  an y  c a l c u l a t i o n s  
b a s e d  upon su c h  c u r v e s  w i l l  b e  d e s c r i b e d .  F i n a l l y ,  s t u d i e s  on th e  
n u c l e a t i o n  and  g ro w th  o f  p r e c i p i t a t e s  w i l l  be p r e s e n t e d .
3 .3 .1  A ge ing  r e s p o n s e
3 . 3 . 1 . 1  A ge ing  a t  140°C
C urves  o f  h a r d n e s s  a s  a  f u n c t i o n  o f  a g e in g  t im e  a t  140°C a r e  
shown i n  F i g u r e  3 . 7 .  The d a t a  show a  s i n g l e - s t a g e  h a r d e n i n g  r e s p o n s e  
w i t h  no e v id e n c e  o f  a  " p l a t e a u "  - o r  t w o - s t a g e  h a r d e n i n g  b e h a v i o u r .
The maximum h a r d n e s s  v a l u e  a c h ie v e d  by a l l o y  A5 i s  M54Hy 
±(4Hy) and i s  r e a c h e d  a f t e r  a g e in g  f o r  120 h .  I n  c o n t r a s t ,  b o th  
a l l o y  A3 and  A4 e x h i b i t  an  i n c r e a s e  i n  h a rd n e s s  o f  ^3011^, o v e r  t h a t  
a c h ie v e d  by a l l o y  A5 and a l s o  a r e d u c t i o n  i n  t h e  t im e  t o  r e a c h  "p eak "  
h a r d n e s s  (180H^ and  184H^ a f t e r  48 h  and 48 h r e s p e c t i v e l y  f o r  a l l o y s  
A3 and A 4 ) .
3 . 3 . 1 . 2  A g e in g  a t  170°C
A geing  a t  170°C a l s o  p ro d u c e s  s i n g l e - s t a g e  h a r d n e s s  c u r v e s ,  and 
t h e s e  a r e  p r e s e n t e d  i n  F i g u r e  3 . 8 .  A l lo y  A5 a c h ie v e d  a  p e a k  h a r d n e s s  
o f  1 5 1 (±4Hy)  a f t e r  25 h a t  170°C. A ga in  a l l o y s  A3 an d  A4 showed a 
m arked i n c r e a s e  i n  h a r d n e s s  a t  p eak  (M80Hy and M 84H ^ r e s p e c t i v e l y )  
and a l s o  a r e d u c t i o n  i n  t h e  t im e  t o  r e a c h  peak  h a r d n e s s  (2h i n  e a ch  
c a s e ) .
3 . 3 . 2  S t r u c t u r e  and  o r i e n t a t i o n  r e l a t i o n s h i p  o f  p r e c i p i t a t e s
F i g u r e  3 . 9 a ,  a  t h i n  f o i l  e l e c t r o n  m ic ro g ra p h  o f  a l l o y  A5 aged  
t o  peak  h a r d n e s s  a t  170°C, shows t h e  p r e s e n c e  o f  a h i g h  p o p u l a t i o n  o f  
o r i e n t e d  p l a t e - l i k e  p r e c i p i t a t e s .  The e l e c t r o n  d i f f r a c t i o n  p a t t e r n  
t a k e n  from  t h i s  a r e a ,  F i g u r e  3 . 9 b ,  i d e n t i f i e d  t h e  e l e c t r o n  beam a s  
{110} w i th  r e s p e c t  t o  t h e  a lu m in iu m  l a t t i c e .  T hree  s e t s  o f  
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Figure 3.7 Hardness versus ageing time at 140°C
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o f  t h e s e  a r e  c o n s i s t e n t  w i t h  t h e  {111} h a b i t  p l a n e ,  t h e  t h i r d  i s  
{100} . H ence , t h e  r e m a in in g  p r e c i p i t a t e s ,  on p l a n e s  i n c l i n e d  t o  t h e  
f o i l  s u r f a c e ,  make up t h e  o t h e r  {111} and {100} p r e c i p i t a t e  
m o rp h o lo g ie s .  The combined p r e s e n c e  o f  two s e t s  o f  p r e c i p i t a t e  
m o rp h o lo g ie s  makes unam biguous i d e n t i f i c a t i o n  o f  t h e i r  c r y s t a l  s t r u c ­
t u r e s  more d i f f i c u l t .  However, b o th  a l l o y s  A3 and A4 showed a 
v i r t u a l  a b s e n c e  o f  t h e  {100} p r e c i p i t a t e  m orphology when aged  t o  p e a k  
h a r d n e s s  a t  170°C. T hus ,  i n  o r d e r  t o  d e te r m in e  th e  c r y s t a l  s t r u c t u r e  
o f  t h e  {111} ty p e  p r e c i p i t a t e ,  a n a l y s i s  was c o n d u c te d  on a l l o y  A3.
The a b s e n c e  o f  {100} p r e c i p i t a t i o n  i n  a l l o y  A3 a t  peak  h a r d n e s s  
i s  a p p a r e n t  i n  a l l  f o l l o w i n g  i l l u s t r a t i o n s ,  b u t  p e rh a p s  m ost 
o b v io u s ly  i n  F ig u r e  3 .1 1 a ,  a  {1TO} f o i l  d i r e c t l y  c o m p arab le  w i th  
F ig u r e  3 .9 a  b u t  i n  w hich  o n ly  two e d g e -o n  o r i e n t a t i o n s  a r e  p r e s e n t .  
However, F ig u r e  3 .1 0 a  w i l l  be  c o n s i d e r e d  f i r s t ,  w here  t h e  c o r r e s p o n d -  
e l e c t r o n  d i f f r a c t i o n  p a t t e r n ,  F i g u r e  3 .1 0 b ,  shows a h e x a g o n a l  a r r a y  
o f  s p o t s  from  a lum in ium  i n d i c a t i n g  a  beam d i r e c t i o n  o f  { T l1 } .  The 
p l a t e  l i k e  p r e c i p i t a t e s  a r e  v e r y  t h i n  and t h i s  i s  e v i d e n t  from  t h e  
low c o n t r a s t  o f  t h e  m ic r o g r a p h ,  e s p e c i a l l y  t h o s e  p r e c i p i t a t e s  l y i n g  
p e r p e n d i c u l a r  t o  t h e  beam d i r e c t i o n .  A lth o u g h  t h e r e  i s  l i t t l e  
e v id e n c e  o f  t h e i r  h a v in g  a  h e x a g o n a l  s h a p e ,  t h e y  a p p e a r  t o  show a 
te n d e n c y  t o  grow a lo n g  <110> d i r e c t i o n s  o f  t h e  m a t r i x .  The w eaker  
s p o t s  s e e n  i n  t h e  d i f f r a c t i o n  p a t t e r n  ( F ig u r e  3 .1 0 b )  o r i g i n a t e  from  
th e  p r e c i p i t a t e s  and a l s o  f rom  a h e x a g o n a l  a r r a y .  B oth  s e t s  o f  
d i f f r a c t i o n  s p o t s  c an  b e  i n d e x e d ,  t h e  a lum in ium  s p o t s  u s in g  M i l l e r  
i n d i c e s  and th e  s p o t s  f rom  t h e  p r e c i p i t a t e s  u s in g  M i l l e r - B r a v a i s  
i n d i c e s  (F ig u r e  3 .1 0 c )  s i n c e  a  h e x a g o n a l  r o t a t i o n  i s  c h o se n  f o r  t h e  
p r e c i p i t a t e .  Hence , t h e  {0001} d i r e c t i o n  i n  t h e  p r e c i p i t a t e  i s  
p a r a l l e l  t o  t h e  beam, and t h e  o r i e n t a t i o n  r e l a t i o n s h i p  be tw een  
p r e c i p i t a t e  and a lum in ium  l a t t i c e  c a n  be  e x p r e s s e d  a s :
t 0 0 0 1 l p p t « i T ,1 ] m  
and  [1 0 T 0 ]p p t « [1 1 0 ]M
However, p r e c i p i t a t i o n  a l s o  o c c u r s  on t h r e e  o t h e r  {111} p l a n e s  
o f  th e  a lum in ium  l a t t i c e  and  e a c h  o r i e n t a t i o n  p r o d u c e s  d i f f r a c t i o n  
s p o t s  o f  i t s  own. I n  t h e  c a s e  o f  t h e  [T11] o r i e n t a t i o n  shown i n  
F ig u r e  3 .1 0 a ,  t h e  c o n s t r u c t i o n  g iv e n  i n  F ig u r e  3 .1 0 d  show t h a t  t h e s e  
o t h e r  p r e c i p i t a t e  o r i e n t a t i o n s  (B, C and  D) h av e  a {10T0} p l a n e
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( a )  (b)
F igure  3 .9  Alloy A5 aged to  peak hardness a t  170°C,<110> f o i l .




Figure  3 .10 Alloy A3 aged to  peak hardness  a t  170°C,[111] f o i l ;
(a) p r e c i p i t a t e s  on j l 1 l |  p l a n e s , (b ) e l e c t r o n  d i f f r a c t i o n  
p a t t e r n , ( c )indexed p a t t e r n , ( d ) p r e c i p i t a t e  o r i e n t a t i o n s  
viewed a long  C1113 ,(e ) a param ete r  c a l c u l a t i o n .
p a r a l l e l  t o  th e  beam d i r e c t i o n ;  t h e  d i f f r a c t i o n  s p o t s  p ro d u ce d  from  
t h e s e  p l a n e s  c o in c i d e  w i t h  t h o s e  from  t h e  f i r s t  p r e c i p i t a t e ,  
o r i e n t a t i o n  A. Such c o i n c i d e n c e s  a l s o  o c c u r  f o r  d i f f r a c t i o n s  such  a s  
h i  h  + 1 0 e t c .  Thus, i t  i s  now p o s s i b l e  t o  c a l c u l a t e  t h e  £  
p a r a m e t e r  o f  th e  h e x a g o n a l  u n i t  c e l l .  R e f e r r i n g  t o  F ig u r e  3 .1 0 e ,  a  
r e p r e s e n t a t i o n  o f  t h e  b a s a l  p l a n e  o f  th e  h e x a g o n a l  u n i t  c e l l ,  t h e  a  
p a r a m e t e r  i s  g iv en  b y :
R e tu r n in g  to  F i g u r e  3 . 1 1 a ,  w here two s e t s  o f  p r e c i p i t a t e s  a r e  
s e e n  e d g e -o n  t h e  beam, t h e  c o r r e s p o n d in g  e l e c t r o n  d i f f r a c t i o n  
i d e n t i f i e s  t h i s  r e g i o n  o f  t h e  f o i l  a s  [ 1 1 0 ] ,  The e x t e n s i v e  s t r e a k i n g  
w h ich  p r o d u c e s  t h e  d iam ond sh a p e  p a t t e r n  o r i g i n a t e  f rom  t h e s e  two 
s e t s  o f  p r e c i p i t a t e s .  The o t h e r  two s e t s  o f  p r e c i p i t a t e s ,  in d e x e d  
i n  F i g u r e  3 .1 1 c ,  g i v e  r i s e  t o  t h e  sy m m e tr ic a l  p a t t e r n  o f  s h a r p  s p o t s .  
These  p r e c i p i t a t e s  a r e  o r i e n t e d  w i th  (1010) p a r a l l e l  t o  t h e  beam t o  
p ro d u c e  th e  h o r i z o n t a l  row o f  hOhO d i f f r a c t i o n s .  H ence :
a s  deduced  from  t h e  p r e v i o u s  a n a l y s i s .  A d raw in g  o f  t h e  p r e c i p i t a t e s  
when v iew ed  a lo n g  t h e  [110]  d i r e c t i o n  i s  shown i n  F i g u r e  3 .1 1 d ;  A and  
B a r e  t h e  e d g e -o n  p r e c i p i t a t e s  s e en  in  F ig u r e  3 . 1 1 a ,  and  C p ro d u c e s  
t h e  d i f f r a c t i o n  s p o t s  i n  F i g u r e  3 .1 1 b .  O r i e n t a t i o n  D i s  n o t  shown 
b u t  i s  s y m m e tr ic a l ly  b e n e a t h  C, and d i f f r a c t i o n s  f rom  D c o i n c i d e  
w i t h  t h o s e  p ro d u ce d  by  C. I n d e x in g  F ig u r e  3 .1 1 .C  r e v e a l s  t h a t ,  f o r  
o r i e n t a t i o n s  C and  D, t h e ; p l a n e  g i v in g  a d i f f r a c t i o n  s p o t  e q u a l  to
a
A ls o ,  t h e  {1010} i s  e q u a l  t o  x3 th e  {220} p l a n e  s p a c in g  o f  a lu m in iu m , 
i e :
a
a  = 0 .4 9 6  nm
l1 0 T 0 lp p t l [ 1 1 0 l AA
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Figure  3.11 Alloy A3 aged to  peak hardness  a t  170°C,[110] f o i l ;
( a ) p r e c i p i t a t e s  on j l 1 l (  p l a n e s , (b ) e l e c t r o n  d i f f r a c t i o n  
p a t t e r n , ( c ) i n d e x e d  p a t t e r n , (d )p r e c i p i t a t e  o r i e n t a t i o n s  
viewed a long [110] .
A36 —•—>
d - j ^  i s  ( 2 1 1 1 ) .  T h e r e f o r e ,  t h e  v a l u e  o f  t h e  £  p a r a m e te r  o f  t h e  h e x a g o n a l  
u n i t  c e l l  o f  t h e | p r e c i p i t a t e  c an  b e  c a l c u l a t e d  u s in g  th e  e x p r e s s i o n :
! j _  _ A (h2 «■ hk + k2) +
d 2 3a* c 2
| c  = 0 .702
-► c / a  * 1 .414
F i g u r e  3 .1 2 a  shows a f o i l  o r i e n t a t i o n  w here  o n ly  one s e t  o f  
p r e c i p i t a t e s  i s  s e e n  p a r a l l e l  t o  t h e  beam . The c o r r e s p o n d in g  
d i f f r a c t i o n  p a t t e r n ,  F i g u r e  3 .1 2 b ,  i n d i c a t e s  a  f o i l  o r i e n t a t i o n  o f
[ 1 1 2 ] .  I t  i s  t h i s  s e t  o f  p r e c i p i t a t e s  w h ic h  p ro d u c e s  th e  lo n g  
v e r t i c a l  s t r e a k s  se en  i n  t h e  d i f f r a c t i o n  p a t t e r n  ( s e e  o r i e n t a t i o n  A 
i n  F i g u r e  3 .1 2 d ) ,  th e  d i s t a n c e  b e tw e en  s t r e a k s  b e in g  e q u a l  t o  a  
l a t t i c e  v e c t o r  o f  0 .4 2 9  nm, i e  3 x ^ 2 0  a l umi-n i um» p l a n e  s p a c i n g .
Two sy s te m s  o f  s h o r t  s t r e a k s  a t  d i f f e r e n t  a n g le s  a r e  a l s o  v i s i b l e  as  
w e l l  a s  a  sy s tem  o f  s h a rp  s p o t s  l y i n g  a lo n g  h o r i z o n t a l  rows th r o u g h  
t h e  a lum in ium  d i f f r a c t i o n s .  The sy s te m  o f  s h o r t  s t r e a k s  a r e  p ro d u ce d  
by o r i e n t a t i o n s  B and C, w h i l s t  t h e  s h a r p  s p o t s  a r e  p ro d u ce d  by 
o r i e n t a t i o n  D ( s e e  F i g u r e  3 .1 2 d ) .  I n  t h e  accom panying  in d ex e d  
p a t t e r n ,  F ig u r e  3 .1 1 c ,  d i f f e r e n t  sym bols a r e  u s e d  t o  i d e n t i f y  t h e  
v a r i o u s  p r e c i p i t a t e  o r i e n t a t i o n s ;  f o r  e x a m p le ,  open  t r i a n g l e s  
r e p r e s e n t  t h e  sy s te m  o f  s h o r t  d i f f r a c t i o n  s t r e a k s  from  o r i e n t a t i o n  
C, c l o s e d  t r i a n g l e s  t h e  o t h e r  s e t  f rom  o r i e n t a t i o n  B, e t c .  The 
p r e c i p i t a t e  d i f f r a c t i o n s  from  o r i e n t a t i o n  B a r e  in d e x e d  on t h e  
b a s i s  o f  th e  p ro p o se d  h e x a g o n a l  u n i t  c e l l  i e  w i t h  c / a  = 1 .4 1 4 .
T h is  o r i e n t a t i o n  h a s  [4513] p a r a l l e l  t o  t h e  beam d i r e c t i o n
[112] and  t h i s  i s  c o n s i s t e n t  w i t h  t h e  o r i e n t a t i o n  r e l a t i o n s h i p  
p r e v i o u s l y  d e s c r i b e d ,  i e
[ ° 0 0 1 ] p p t l [T 11]M  and  [ l O T o ^ J  [ 1 0 1 ] ^  
The sy s te m  o f  open t r i a n g l e s  ( o r i e n t a t i o n  C) i s  a  m i r r o r  image 
o f  t h e  f i l l e d  t r i a n g l e s  a b o u t  t h e  v e r t i c a l  a x i s ,  and  t h e s e  c a n  a l s o  
b e  i n d e x e d .  The s h a rp  s p o t s ,  r e p r e s e n t e d  by c l o s e d  c i r c l e s ,  a r e  p ro  
duced  by o r i e n t a t i o n  D and g iv e  a s e r i e s  o f  hOhO r e f l e c t i o n s ,
^3030 c ° i n c i-ding w i th  d ^ Q  f rom  a lu m in iu m , a s  p r e v i o u s l y  d e s c r i b e d .
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F igure  3 .12  Alloy A3 aged a t  170°C t o  peak h a r d n e s s , [112] f o i l ;
(a) p r e c i p i t a t e s  on {l11f p lanes, (b)SADP,(c) indexed 
p a t t e r n , ( d ) p r e c i p i t a t e s  o r i e n t a t i o n s  viewed along [112] .
A [001] e l e c t r o n  d i f f r a c t i o n  p a t t e r n  i s  shown i n  F ig u r e  3 .1 3 a .
T h i s ,  t o o ,  i s  a s y m m e tr ic a l  p a t t e r n  and  t h e  absence  o f  any l a r g e
s c a l e  s t r e a k i n g  i s  c o n s i s t e n t  w i th  t h e  p r e c i p i t a t e s  l y i n g  on t h e  f o u r
[111] p l a n e s  o f  t h e  a lu m in iu m  l a t t i c e .  The indexed  p a t t e r n ,
F ig u r e  3 .1 3 b ,  i n d i c a t e s  two s i n g l e  c r y s t a l  o r i e n t a t i o n s ,  i d e n t i f i e d  
by c i r c l e s  and t r i a n g l e s  r e s p e c t i v e l y .  B o th  o r i e n t a t i o n s ^ h a v e  
<2243> p a r a l l e l  t o  t h e  e l e c t r o n  beam, [ 0 0 1 ] .  T h is  d i r e c t i o n  i s  th e  
l a t t i c e  v e c t o r  j o i n i n g  o p p o s i t e  s i d e s  o f  t h e  h e x a g o n a l  u n i t  c e l l ,  and 
i s  a g a in  e q u i v a l e n t  t o  t h e  p ro p o se d  o r i e n t a t i o n  r e l a t i o n s h i p .  The 
f o u r  p r e c i p i t a t e s  o r i e n t a t i o n s  a s  v iew ed  a lo n g  th e  cube  a x i s  o f  
a lu m in iu m  i s  shown i n  F i g u r e  4 .1 2 c  and  c l e a r l y  shows th e  symmetry o f  
t h e  c o m p o s i te  s t r u c t u r e ,  w i t h  e a ch  o p p o s i t e  p a i r  o f  p r e c i p i t a t e  
o r i e n t a t i o n s  (AB and CD) p r o d u c in g  a s i n g l e - c r y s t a l  s p o t  p a t t e r n  a t  
90° t o  t h e  o t h e r  ( s e e  F i g u r e  3 . 1 3 c ) .
A l lo y  A4, w h ich  a l s o  showed an  a b s e n c e  o f  [100] p r e c i p i t a t i o n ,  
was t r e a t e d  i n  t h e  same m anner a s  a l l o y  A3. F ig u re  3 .1 4 a  shows a 
<110> f o i l  o r i e n t a t i o n  and  a g a in  t h e r e  a r e  two s e t s  o f  p r e c i p i t a t e s  
l y i n g  p a r a l l e l  t o  t h e  e l e c t r o n  beam. The c o r r e s p o n d in g  e l e c t r o n  
d i f f r a c t i o n  p a t t e r n ,  F i g u r e  3 .1 4 b ,  shows t h e  long  s t r e a k i n g  p ro d u ced  
by t h e s e  e d g e -o n  p r e c i p i t a t e s .  The d i f f r a c t i o n  s p o t s  a r e  p ro d u ce d  by 
t h e  o t h e r  two p r e c i p i t a t e  o r i e n t a t i o n s  and i s  c o n s i s t e n t  w i t h  
F ig u r e  3 .1 1 b .  T h i s ,  t h e r e f o r e ,  i s  a l s o  i n d i c a t i v e  o f  p r e c i p i t a t i o n  
on o n ly  t h e  {111} p l a n e s  o f  t h e  a lum in ium  l a t t i c e .  T hus ,  by  c h o o s ­
in g  t h o s e  low in d e x  e l e c t r o n  d i f f r a c t i o n  p a t t e r n s  a n a ly s e d  f o r  a l l o y  
A3, i t  was p o s s i b l e  t o  a s c e r t a i n  t h a t ,  i n  a l l o y  A4 a t  peak  h a r d n e s s  
a t  170°C, t h e  p r e c i p i t a t e s  l y i n g  on {111} m a t r i x  p l a n e s  o f  a lum in ium  
have  a  h e x a g o n a l  s t r u c t u r e  w i t h :
a  = 0 .4 9 6  n m '
c = 0 .7 0 1  nm
■* c / a  = 1.414
[0001]  _ | |< 111> A0 and <1010> „ J< 1 1 0 > Anp p t  " AI  p p t  “ A£
W ith  t h e  s t r u c t u r e  o f  t h i s  p r e c i p i t a t e  now e s t a b l i s h e d  i t  i s  
p o s s i b l e  t o  r e t u r n  t o  a l l o y  A5 aged  t o  p eak  h a r d n e s s  a t  170°C and 
a n a l y s e  th e  p r e c i p i t a t e s  l y i n g  on  t h e  {100} a lu m in iu m  m a t r i x  p l a n e s .  
F i g u r e s  3 .1 5 a  and  3 .1 6 a  show th e  e l e c t r o n  d i f f r a c t i o n  p a t t e r n s  from  
v a r i o u s  f o i l  o r i e n t a t i o n s  o f  a l l o y  A5 when a g ed  t o  p e a k  h a r d n e s s .
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F igu re  3 .13  Alloy A3 aged a t  170°C t o  peak h a r d n e s s , [100] f o i l ;  
( a ) e l e c t r o n  d i f f r a c t i o n  p a t t e r n , ( b)indexed 
p a t t e r n , (c ) p r e c i p i t a t e  o r i e n t a t i o n s  viewed a long [100] .
iFigure  3.14 Alloy A4 aged t o  peak hardness  a t  170°C,<110> f o i l ;  
( a ) e l e c t r o n  m i c r o g r a p h , (b )cor responding  SADP.
Figure  3 .15  Alloy A5 aged a t  170°C t o  peak hardness,<100> f o i l ;  
(a) SADP,(b)indexed p a t t e r n .
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F igu re  3.16 Alloy  A5 aged to  peak h a rd n e s s  a t  170°C,<110> f o i l ;  
(a)  SADP,(b)indexed p a t t e r n .
Both d i f f r a c t i o n  p a t t e r n s  show e v id e n c e  o f  s t r e a k i n g  i n  t h e  <100>
d i r e c t i o n s ,  i n d i c a t i v e  of  p r e c i p i t a t i o n  on {100} m a t r ix  p l a n e s .  I n
th e  <100> zone SADP, F ig u re  3 .1 5 a ,  t h e r e  a r e  s p o t s  p r e s e n t  a t  h a l f
th e  d i s t a n c e  t o  a  {220} a lum in ium  r e f l e c t i o n ,  i e  r e f l e c t i o n s  from  a
AIp la n e  h a v in g  a d s p a c in g  e q u a l  t o  tw ic e  t h e  ^ 2 0  P^ane s p a c i n g .
T h is  r e f l e c t i o n ,  r e p r e s e n t i n g  a p l a n e  w i th  dx * 0 .286  nm, c a n  be 
in d ex e d  on th e  b a s i s  o f  b o th  t h e  0"  and 0 1 u n i t  c e l l s  w hich  b o th  
have  a {110} p l a n e  s p a c in g  o f  0 .2 8 6  nm. These  were t h e  o n ly  s p o t s  
w hich  c o u ld  be  in d e x e d  ( s e e  F ig u r e  5 . 1 5 b ) .  However, t h e r e  a r e  many 
d i f f u s e  s t r e a k s  a p p a r e n t  a lo n g  <100> d i r e c t i o n s  a ro u n d  t h e  d i f f r a c ­
t i o n  s p o t s  from  a lum in ium  and a l s o  a ro u n d  t h e  {110} 0 1 ( o r  0")
d i f f r a c t i o n  s p o t s .  These  d i f f u s e  s t r e a k s  a r e  c h a r a c t e r i s t i c  o f  t h e  
p r e s e n c e  o f  0" and  0 ’ in  b i n a r y  a lu m in iu m -c o p p e r  a l l o y s .  (For 
ex am p le ,  s e e  S i l c o c k ^ )  .
F i g u r e  3 .1 6 a  i s  a  <110> zone SADP from  a l l o y  A5 i n  t h e  peak  
h a r d n e s s  c o n d i t i o n  ( a t  170°C). As w e l l  a s  t h e  l a r g e  s c a l e  s t r e a k i n g  
i n  <111> d i r e c t i o n s  t h e r e  i s  a l s o  d i f f u s e  s t r e a k i n g  i n  t h e  <100> 
d i r e c t i o n ,  i n d i c a t i v e  o f  p r e c i p i t a t i o n  on {100} a lum in ium  m a t r i x  
p l a n e s .  T h is  i s  a l s o  shown i n  t h e  in d e x e d  p a t t e r n  i n  F i g u r e  3 .1 6 b .  
S p o ts  from  t h e  {111} ty p e  p r e c i p i t a t e  a r e  i n d i c a t e d  by c l o s e d  
c i r c l e s  and have  b e e n  in d ex e d  p r e v i o u s l y .  S po ts  from  p r e c i p i t a t e s  
on {100} m a t r ix  p l a n e s  a r e  m arked w i t h  c r o s s e s .  A g a in ,  t h e r e  a r e  
d i f f r a c t i o n  s p o t s  a t  - j  x ^220 a ^uin:*-n ^uin» g i v i n g  a p l a n e  s p a c i n g  o f  
0 .2 8 6  nm, and a s  i n d i c a t e d  above t h e s e  c a n  a r i s e  from  e i t h e r  0" o r  
0 '  p r e c i p i t a t e s .  A lso  t h e r e  a r e  d i s t i n c t  s p o t s  a t  * ^200 a l umi n ” 
ium. T h is  i s  e q u i v a l e n t  t o  a  p l a n e  w i th  a  s p a c in g  o f  2 x d^^^  a lu m in ­
ium i e  t h e s e  r e f l e c t i o n s  o r i g i n a t e  from  p l a n e s  w i th  a  s p a c i n g  o f  
0 .4 0 4  nm. A g a in ,  t h e s e  s p o t s  c a n  b e  in d e x e d  on th e  b a s i s  o f  e i t h e r  
t h e  0 M o r  0* u n i t  c e l l s  w hich  b o t h  have  {100} p l a n e s  a t  a  s p a c ­
in g  o f  0 .4 0 4  nm. The d i f f u s e  s t r e a k i n g  i n  t h e  {100} d i r e c t i o n s  a l s o  
a p p e a r s  t o  h av e  p ro d u c e d  " s a t e l l i t e s "  a ro u n d  each  b r i g h t  a lum in ium  
d i f f r a c t i o n  s p o t .  Such " s a t e l l i t e s "  a r e  a  c h a r a c t e r i s t i c  o f  0" and 
0 f p r e s e n c e  on {100} m a t r i x  p l a n e s  ( s e e  S i l c o c k ^ ) . T hese  e f f e c t s  
w i l l  be  d i s c u s s e d  i n  m ore d e t a i l  l a t e r .
I n  summary, A l lo y s  A3 and A4, when aged  to  peak  h a r d n e s s  a t  
170°C, c o n t a i n  o n ly  p r e c i p i t a t e s  w h ic h  l i e  on {111} a lu m in iu m  m a t r ix  
p l a n e s .  These  h av e  b e e n  i d e n t i f i e d  a s  h a v in g  a h e x a g o n a l  u n i t  c e l l
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w i th  c / a  = 1 .414 and  h a v in g  an  o r i e n t a t i o n  r e l a t i o n s h i p  w i th  th e  
a lum in ium  m a t r ix  su c h  t h a t : -
t°001  ] p p t  II < 1 1 1  >aa and <10T0>ppt 1 <110>Ai
On th e  o t h e r  h a n d ,  a l l o y  A5 i n  t h e  peak  h a rd n e s s  c o n d i t i o n  c o n ta i n s  
p r e c i p i t a t e s  on b o t h  {100} and {111} a lum in ium  m a t r ix  p l a n e s .  The 
p r e c i p i t a t e s  on t h e  {111} m a t r i x  p l a n e s  a r e  h e x a g o n a l ,  a s  d e s c r i b e d  
p r e v i o u s l y .  The p r e c i p i t a t e s  on {100} p l a n e s  have  b e e n  i d e n t i f i e d  as  
e i t h e r  0fl o r  0 * ,  i e  in  a c c o r d  w i th  d a t a  a v a i l a b l e  on a lu m in iu m - 
c o p p e r  b i n a r y  a l l o y s .
3 . 3 . 3  C a l i b r a t i o n  c u rv e  f o r  f o i l  t h i c k n e s s  d e t e r m i n a t i o n
In  o r d e r  t h a t  q u a n t i t a t i v e  d a t a  c o n c e r n in g  t h e  n u c l e a t i o n  and 
g row th  o f  p r e c i p i t a t e s  c o u ld  be  o b t a i n e d  i t  was n e c e s s a r y  f o r  th e  
f o i l  t h i c k n e s s  t o  be  m easured  a t  s p e c i f i c  p o i n t s  o f  i n t e r e s t .  I n  
t h i s  r e s p e c t  t h e  m easurem ent o f  X -ray  i n t e n s i t y  from  su c h  a r e a s  h a s  
been  u s e d .  The x - r a y  i n t e n s i t i e s  w ere  c o n v e r t e d  i n t o  f o i l  t h i c k n e s s  
u s in g  a c a l i b r a t i o n  c u rv e  o f  c o n tin u u m  x - r a y  i n t e n s i t y  v e r s u s  f o i l  
t h i c k n e s s  a s  d e te r m in e d  by an in d e p e n d e n t  m ethod; i e  t h e  f a u l t  t i l t  
m ethod . The c a l i b r a t i o n  c u rv e  u s e d  f o r  a l l  m easu rem en ts  o f  f o i l  
t h i c k n e s s  f o r  n u c l e a t i o n  and g row th  d a t a  i s  shown i n  F i g u r e  3 .1 7 .
T h is  i n d i c a t e s  t h a t  f o r  t h e  two x - r a y  e n e rg y  c h a n n e l s  a n a l y s e d ,
3 .5  t o  5 .5  keV and  9 .5  and 11.5  keV, t h e r e  i s  a l i n e a r  r e l a t i o n s h i p  
be tw een  x - r a y  e m is s io n  and f o i l  t h i c k n e s s ,  w i th  c o r r e l a t i o n  
c o e f f i c i e n t s  o f  0 .9 8 6  and 0 .9 8 8  r e s p e c t i v e l y .  T hus ,  t h e  f o i l  t h i c k ­
n e s s  from  a l l  sp e c im en s  a t  t h e  p o i n t  o f  i n t e r e s t  was fo u n d  by r e c o r d ­
in g  th e  x - r a y  e m i s s io n  from  t h i s  r e g i o n  and s im ply  r e a d i n g  t h e  v a lu e  
o f  f o i l  t h i c k n e s s  from  th e  c a l i b r a t i o n  c u r v e s .
However, i t  m ust be  n o te d  t h a t  t h e r e  a r e  s e v e r a l  p o s s i b l e
e r r o r s  i n  t h e  c o n s t r u c t i o n  o f  such  a  c a l i b r a t i o n  c u r v e .  F i r s t l y ,  
m easurem ents  o f  t h e  p r o j e c t e d  w id th s  o f  t h e  i n t e r s e c t i n g  p r e c i p i t a t e s  
w ere  made from  TEM n e g a t i v e s ,  u s in g  a c c u r a c y  o f  ±0.1 mm. A l l  
m easu rem en ts  w ere  t a k e n  from n e g a t i v e s  o f  m a g n i f i c a t i o n  x 5 0 ,0 0 0  and 
t h i s  i n d i c a t e s  an  a c c u r a c y  o f  ±2 nm i n  p r o j e c t e d  w id th  m easu rem en t.
I n  t h e  t h i n n e s t  r e g i o n  a n a ly s e d  t h i s  g i v e s  an  e x p e c te d  e r r o r  o f  ±3%.
S e c o n d ly ,  t h e r e  w i l l  be an  e r r o r  i n  t h e  x - r a y  c o u n t i n g  
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Figure 3.17 X-ray counts as a function of fo il thickness
300 nm was u s e d .  However, i t  was n o t e d  t h a t  movement o f  th e  
e l e c t r o n  beam by a p p ro x im a te ly  600 nm ( i e  two s p o t  d i a m e te r s )  co u ld  
p ro d u c e  a  change o f  up to  10% i n  t h e  x - r a y  c o u n ts  due t o  l o c a l  
d i f f e r e n c e s  i n  f o i l  t h i c k n e s s .  T h e r e f o r e ,  e v e ry  e f f o r t  was made t o  
m in im ise  t h i s  e r r o r .
The s t a n d a r d  d e v i a t i o n  (S) f o r  t h e  m easurem ent o f  x - r a y  p h o to n s  
i s  g iv e n  by th e  s q u a re  r o o t  o f  t h e  t o t a l  number o f  c o u n ts  (N ) . The
s t a n d a r d  e r r o r  o f  th e  c o u n t  i s  g iv e n  b y :
-  £  = 1  
E "  N ,/N
H ence, a  h ig h  c o u n t in g  t im e  and  a l a r g e  window w id th  w ere  u se d  in  
o r d e r  t o  m in im iz e ,  a s  f a r  a s  p o s s i b l e ,  t h e  e r r o r  a s s o c i a t e d  w i th  t h e  
c o l l e c t i o n  o f  x - r a y  p h o to n s .  G e n e r a l l y ,  how ever ,  t h e  e r r o r  i n  x - r a y  
i n t e n s i t y  m easurem ents  a s s o c i a t e d  w i t h  c o u n t in g  s t a t i s t i c s  was 
p r o b a b ly  no more th a n  2%. T hus ,  t h e  o v e r a l l  a c c u r a c y  o f  t h e  c a l i b r a ­
t i o n  c u rv e  was e s t im a te d  t o  be  ±5%.
3 . 3 . 4  N u c le a t io n  and  Growth o f  p r e c i p i t a t e s
I n  t h i s  s e c t i o n  d a t a  a r e  p r e s e n t e d  on th e  n u c l e a t i o n  and g row th
o f  p r e c i p i t a t e s  as  a  f u n c t i o n  o f  a g e in g  t im e  a t  140°C. As f a r  as  t h e
e x a m in a t io n  o f  sam ples aged a t  170°C was c o n c e rn e d ,  t h e  f a s t e r  
r e a c t i o n  k i n e t i c s  a t  t h i s  t e m p e r a t u r e  made a q u a n t i t a t i v e  s tu d y  o f  
t h e  e a r l y  s t a g e s  o f  p r e c i p i t a t e  n u c l e a t i o n  and g row th  d i f f i c u l t .
P r e c i p i t a t e  d a t a  o b t a i n e d  f rom  a l l  t h r e e  a l l o y s  a f t e r  a g e in g  a t  
140°C a r e  sum m arised i n  T a b le  3 . 1 .
3 . 3 . 4 . 1  A llo y  A5
I n  a l l o y  A5, w hich showed p r e c i p i t a t e s  on b o th  {100} and {111} 
p l a n e s  o f  t h e  a lum inium  l a t t i c e  i n  t h e  peak  h a r d n e s s  c o n d i t i o n ,  
p r e c i p i t a t e s  w ere  f i r s t  o b s e rv e d  t o  fo rm  on {100} l a t t i c e  p l a n e s  
a f t e r  a g e in g  f o r  o n ly  2 h a t  140°C, w i t h  an a v e ra g e  d i a m e te r  o f  
^6 nm, s e e  F ig u r e  3 .1 8 a  t a k e n  from  a  [100] f o i l .  The c o r r e s p o n d in g  
e l e c t r o n  d i f f r a c t i o n  p a t t e r n ,  F i g u r e  3 .1 8 b ,  shows s t r e a k s  th ro u g h  
2 0 0 - ty p e  a lum in ium  d i f f r a c t i o n s  e x t e n d i n g  from  one d i f f r a c t i o n  s p o t  
t o  t h e  n e x t  (000 to  200, 020 t o  0 2 2 ,  e t c ) .  These  s t r e a k s  a r e  a s s o c i ­
a t e d  w i t h  t h e  two s e t s  o f  p r e c i p i t a t e s  o r i e n t e d  e d g e -o n  t o  t h e  
e l e c t r o n  beam, th e  l e n g t h  o f  s t r e a k i n g  b e in g  c o n s i s t e n t  w i th  a
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T a b l e  3 .1
P r e c i p i t a t e  d a t a  o b t a i n e d  by a g e in g  a t  140°C




3 9 .5 2 .3 131 2 .3 0 .0 0 3
4 16 .3 1 .5 313 2 .5 0 .0 0 8
7 2 2 .5 2 .5 994 1 .3 0 .0 1 3
16 18 .2 2 .2 572 0 .7 0 .0 0 4
100 4 7 .7 3 .0 5360 0 . 1 <0.001
{ m } 2 6 .5 1 .0 33 5 .0 0 .0 0 2
3 7 .9 1 .5 74 1 0 .0 0 .0 0 7
4 1 3 .8 1 .6 240 9 .7 0 .0 2 4
7 17 .6 1 .8 438 7 .6 0 .0 3 3
16 2 0 .2 2 .5 800 6 .6 0 .0 5 3
48 2 7 .0 3 .0 1718 3 .3 0 .0 5 7
100 3 5 .5 3 .0 2970 2 .0 0 .0 5 8
A4 2 11 .2 1 .6 158 0 .7 0 .001
{100} 3 10 .9 1 .6 150 1 .3 0 .0 0 2
4 10 .7 1 .6 144 0 .4 5 0 .001
7 12.1 1 .8 207 0 .8 0 .0 0 2
25 2 2 .2 2 .5 965 0 .2 0 .0 0 2
48 3 2 .8 3 .2 2704 <0.01 <0.001
72 4 6 .8 3 .8 6540 <0.01 <0.001
100 5 1 .5 4 .2 8750 <0.01 <0.001
{111} 2 9 .4 1 .4 97 4 .2 0 .0 0 4
3 10.1 1 .5 120 4 .8  ' 0 .0 0 6
4 11 .7 1 .6 161 6 .9 0 .0 1 2
7 13 .7 1 .8 265 7 .2 0 .0 1 9
25 2 0 .0 2 .8 880 4 .5 0 .0 4 0
48 2 3 .3 3 .0 1280 4 .2 0 .0 5 4
72 2 9 .6 3 .0 2064 2 .7 0 .0 5 6
100 3 2 .0 3 .0 2413 2 .3 0 .0 5 6
A5 2 6 .9 0 .4 15 82 0 .0 1 2
{100} 7 14 .9 1 .4 244 12 0 .0 2 9
16 18 .9 1 .4 392 8 .2 0 .0 3 2
24 2 0 .5 1 .5 495 3 .4 0 .0 1 7
48 2 6 .3 1 .6 870 2 .1 0 .0 1 8
120 3 7 .4 2 . 8 3075 0 .5 0 .0 1 5
400 3 9 .3 2 . 8 3395 0 .4 0 .0 1 4
{ i l l} 2
7 11 .5 1 .8 187 2 .2 0 .0 0 4
16 13 .3 1 .9 264 5 .5 0 .0 1 5
24 2 0 .3 2 .2 712 4 .9 0 .0 2 7
48 2 2 .6 2 .7 1083 3 .6 0 .0 3 9
120 3 0 .0 2 . 8 1980 2 .4 0 .0 4 8
400 4 5 .4 3 .2 5180 0 .9 0 .0 4 7
F ig u re  3 .18  Alloy A5 aged fo r  2h a t  140°C;
(a)<100> e l e c t r o n  m i c r o g r a p h , (b )corresponding
SADP,(c )<110> f o i l  e l e c t r o n  micrograph,(d)  co r respond ing
e l e c t r o n  d i f f r a c t i o n  p a t t e r n .
p l a t e l e t  t h i c k n e s s  o f  u n i t  c e l l  d im e n s io n s .  V ery  f a i n t  s p o t s  p o s ­
i t i o n e d  h a l f - w a y  b e tw e e n  t h e  c e n t r e  s p o t  and 2 2 0 - ty p e  d i f f r a c t i o n s  
a r e  s e e n  on t h e  n e g a t i v e ,  b u t  a r e  n o t  v i s i b l e  on t h e  p r i n t .  These 
s p o t s  a r e  p ro d u ce d  by t h e  s e t  o f  p r e c i p i t a t e s  l y i n g  p e r p e n d i c u l a r  to  
th e  e l e c t r o n  beam and c o r r e s p o n d  t o  a d - s p a c i n g  o f  0 .2 8  nm, th e  
[110] f o i l  shown i n  F i g u r e s  3 .1 8 c  and d c o n f i r m  t h e s e  f i n d i n g s .  
However, t h e  d a t a  do n o t  a l l o w  th e  { 1 0 0 } - ty p e  p r e c i p i t a t e s  to  be 
i d e n t i f i e d  a s  e i t h e r  0"  o r  0 ’ p h a s e .
As a g e in g  t im e  i n c r e a s e d  t h e  m i c r o s t r u c t u r e  changed  p r o g r e s s ­
i v e l y ,  w i t h  p r e c i p i t a t e  s i z e s  i n c r e a s i n g  t o  a  mean o f  ^25  nm a f t e r  
48 h  a t  140°C, F i g u r e  3 . 1 9 a .  From th e  c o r r e s p o n d in g  SADP,
F ig u re  3 .1 9 b ,  i t  c a n  b e  s e e n  t h a t  t h e  l e n g t h  o f  2 0 0 - ty p e  s t r e a k i n g  i s  
now o n e - t h i r d  t h e  i n t e r - s p o t  d i s t a n c e .  T h is  i s  i n  a c c o r d  w i th  th e  
o b s e rv e d  t h i c k e n i n g  o f  p r e c i p i t a t e  p l a t e l e t  t o  %2 nm. The indexed  
p a t t e r n  i s  shown i n  F i g u r e  3 .1 9 c ,  and s p o t s  c o r r e s p o n d in g  to  a 
d - s p a c i n g  o f  0 .2 8  nm, l a b e l l e d  a ,  i n  F ig u re  3 . 1 9 c ,  a r e  s t r o n g e r .  
S u r ro u n d in g  e a c h  o f  t h e s e  s p o t s  a r e  f o u r  s h o r t  a r c s ,  marked b^ t o  b ^ ,  
w hich a r e  p ro d u c e d  by t h e  p r e c i p i t a t e s  on {111}. p l a n e s . These have  
been  i d e n t i f i e d  a s  h a v in g  a  h e x a g o n a l  s t r u c t u r e  ( s e e  s e c t i o n  3 . 3 . 2 )  
and d e s i g n a t e d  ft p h a s e ,  f o l l o w i n g  C h e s t e r  and P o lm e a r^ " * .  I n  th e  
[110] f o i l  o r i e n t a t i o n ,  F i g u r e  3 .1 9 d ,  t h r e e  s e t s  o f  e d g e -o n  
p r e c i p i t a t e s  a r e  s e e n ,  two s e t s  l y i n g  on {111} p l a n e s  and th e  o t h e r  
on {100}. The c o r r e s p o n d i n g  e l e c t r o n  d i f f r a c t i o n  p a t t e r n ,
F ig u re  3 .1 9 e ,  c o n f i r m s  t h e  s h o r t  s t r e a k i n g  due  t o  g ro w th  o f  th e  
{ 1 0 0 } - ty p e  p r e c i p i t a t e  b u t ,  i n  c o n t r a s t ,  t h e  s t r e a k s  a s s o c i a t e d  w i th  
t h e  e d g e -o n  ft p l a t e l e t s  a r e  v e ry  much l o n g e r .  The d i f f r a c t i o n  
p a t t e r n s  c o u ld  be  in d e x e d  on t h e  b a s i s  t h a t  t h e  p h a s e  form ed on {100} 
p l a n e s  a t  t h i s  s t a g e  o f  a g e in g  was 0* ( t e t r a g o n a l  w i t h  
a  = 0 .4 0 4  nm, c / a  = 1 .4 3 6 )  . The ft and 0 1 p h a s e s  c o u ld  n o t  be
d i s t i n g u i s h e d  a s  r e g a r d s  s i z e  and s h a p e ,  a l t h o u g h  th e y  fo rm  on 
d i f f e r e n t  p l a n e s  o f  t h e  a lu m in iu m  l a t t i c e .
On a g e in g  t o  p e a k - h a r d n e s s  ( a g e in g  t im e  ^120 h)  t h e  mean 
p r e c i p i t a t e  d i a m e t e r s  w ere  ^35  nm w i th  a t h i c k n e s s  o f  ^3  nm. [100] 
and [110] f o i l  o r i e n t a t i o n s  and  t h e i r  c o r r e s p o n d in g  e l e c t r o n  
d i f f r a c t i o n  p a t t e r n s  a r e  shown i n  F ig u r e s  3 .2 0 a  t o  3 .2 0 d .  I n  
F i g u r e s  3 .2 0 b  and  3 .2 0 d  s t r e a k i n g  from  0 1 p r e c i p i t a t e  i s  v i r t u a l l y  
a b s e n t ,  a l t h o u g h  t h e  lo n g  s t r e a k i n g  from  ft r e m a in s  ( c f  F ig u r e s  
3 .1 8 d  and  3 .1 9 d  from  <110> f o i l s ) .
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F ig u re  3 .19  Alloy A5 aged 48h a t  140°C;
(a)<100> f o i l  e l e c t r o n  m ic ro g rap h , (b )c o r re sp o n d in g  
SADP,(c)indexed p a t t e r n , ( d)<110> e l e c t r o n  
m ic ro g ra p h , ( e ) c o r r e s p o n d in g  <110> SADP.
(C
F igure  3.20 Alloy A5 aged fo r  120h a t  140°C;
(a )[0013 f o i l  e l e c t r o n  m i c r o g r a p h , ( b ) e l e c t r o n  
d i f f r a c t i o n  p a t t e r n , ( c )[110]  f o i l  e l e c t r o n  
m ic rog raph , ( d )co r respond ing  SADP.
l O O n m
I n  o v e ra g e d  m a t e r i a l ,  t h e  p r e c i p i t a t e s  w ere  l a r g e r  b u t  n o t  
m e a s u ra b ly  t h i c k e r ,  w i t h  p r o p o r t i o n a t e l y  more ft phase  th a n  0* . 
X -ray  s p e c t r a  w ere  t a k e n  o f  i n d i v i d u a l  ft and 0 ’ p r e c i p i t a t e s ,  b u t  
b o th  showed o n ly  t h e  p r e s e n c e  o f  a lum in ium  and c o p p e r .
F req u en cy  d i s t r i b u t i o n s  o f  p r e c i p i t a t e  d i a m e te r s  a t  v a r i o u s  
a g e in g  t im e s  a r e  i l l u s t r a t e d  i n  F ig u r e s  3 .2 1 a  and 3 .2 1 b  f o r  0 1 and 
ft p h a s e s  r e s p e c t i v e l y .  ( I t  m ust be  n o t e d  t h a t  t h e  d iag ram s  do n o t  
r e f e r  t o  t h e  same m e a s u re d  volum e o f  m a t e r i a l . )  The d i s t r i b u t i o n s  
can  be  se e n  t o  be  a s y m m e t r i c a l  w i th  l o n g e r  t a i l s  a t  l a r g e r  d i a m e te r s  
and a maximum p a r t i c l e  s i z e  e q u a l  t o  tw ic e  t h e  mean v a l u e .  Mean 
p r e c i p i t a t e  d i a m e te r s  f o r  0 1 and ft a r e  p l o t t e d  i n  F ig u r e  3 .2 2 a  a s  
a  f u n c t i o n  o f  a g e in g  t i m e .  A p l o t  o f  t h e  c o r r e s p o n d in g  p r e c i p i t a t e  
t h i c k n e s s e s ,  F i g u r e  3 .2 2 b  shows t h a t  a  l i m i t i n g  v a lu e  o f  3 nm i s  
r e a c h e d  a f t e r  120 h a t  t h i s  t e m p e r a t u r e .  The number o f  p r e c i p i t a t e s  
p e r  u n i t  volume ( " p r e c i p i t a t e  d e n s i t y " )  and t h e  volume f r a c t i o n  w ere  
c a l c u l a t e d  u s in g  m e a s u re d  f o i l  t h i c k n e s s e s ,  a s  e s t a b l i s h e d  by t h e  
con tinuum  x - r a y  i n t e n s i t y  m ethod ( s e e  s e c t i o n  3 . 3 . 3 ) .  These  r e s u l t s  
a r e  i l l u s t r a t e d  i n  F i g u r e s  3 .2 3 a  and 3 .2 3 b  r e s p e c t i v e l y ,  and  c l e a r l y  
show a  r a p i d  d e c r e a s e  i n  t h e  number o f  {100} p r e c i p i t a t e s  
( F ig u r e  3 . 2 3 a ) .  H ow ever, a l t h o u g h  t h e  number o f  p r e c i p i t a t e s  i s  
i n i t i a l l y  d e c r e a s i n g  t h e  {100} p r e c i p i t a t e  volume f r a c t i o n  i n c r e a s e s ,  
u n t i l  i t  r e a c h e s  a  maximum v a lu e  a f t e r  M 6  h .  The {111} p r e c i p i t a t e ,  
on t h e  o t h e r  h a n d ,  shows an i n i t i a l  i n c r e a s e  i n  p r e c i p i t a t e  d e n s i t y  
to  a  maximum a f t e r  <\*24 h  d e c r e a s i n g  a t  l o n g e r  a g e in g  t im e s  b u t  s t i l l  
re m a in in g  h i g h e r  t h a n  t h e  {100} p r e c i p i t a t e .  The volume f r a c t i o n  o f  
{111} p r e c i p i t a t e  i n c r e a s e s  w i t h  t im e  u n t i l  a  maximum i s  r e a c h e d  
a f t e r  M 2 0  h .
3 . 3 . 4 . 2  A l lo y  A4
When aged  f o r  2 h  a t  140°C t h i s  a l l o y  c o n ta i n e d  p r e c i p i t a t e s  
on b o t h  {111} and  {100} l a t t i c e  p l a n e s ,  a l t h o u g h  t h e r e  was much l e s s  
o f  t h e  l a t t e r  p h a s e  p r e s e n t .  A <110> d i f f r a c t i o n  p a t t e r n ,
F ig u r e  3 .2 4 ,  shows t h e  lo n g  1 1 1 - ty p e  s t r e a k s  w hich  c h a r a c t e r i s e d  th e  
ft p r e c i p i t a t e s .  S t r e a k s  o f  t h e  2 0 0 - ty p e  a r e ,  h o w e v e r ,  r e l a t i v e l y  
s h o r t  when com pared  w i t h  F i g u r e  3 .1 8 d  t a k e n  from  a l l o y  A5 g iv e n  t h e  
same a g e in g  t im e ;  w h e th e r  t h i s  p h a se  was 0" o r  0* c o u ld  n o t  be  
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Figure 3.21.a Size dis t r ibut ions  of  6' precipita te  a f t e r  various times















24h •  140C290 IBh •  140C 2907h •  140C











I20h •  140C
M m  -  22 .89
T T T T hi------------
100
0 25 90 75 100 0 25 50 75 100 0 25 50 79 100
Precipitate size (nm. >
Figure 3.2!b Size dis tr ibut ions of  n  prec ip i ta te  a f t e r  various times
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F i g u r e  3 . 2 2  P r e c i p i t a t e  para meters  v e r s u s  a g e in g  t im e  a t  HO°C f o r  6 f
and ft p r e c i p i t a t i o n  in  a l l o y  A5;
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A g e i n g  t i m e  ff 1 4 0  °C Chi
F ig u re  3 . 2 3  P r e c i p i t a t e  para meters  v e r s u s  a g e in g  t ime  a t  1A0°C f o r  O'
and ft p r e c i p i t a t i o n  in  a l l o y  A5;
(a)  d e n s i t y  , (b)  volume f r a c t i o n .
Figure 3.24 <110> s e l e c t e d  a r e a  d i f f r a c t i o n  p a t t e r n  from a l l o y  A4 , 
aged 2h a t  140°C
The mean p r e c i p i t a t e  d i a m e te r s  p r o g r e s s i v e l y  i n c r e a s e d  w i th  
a g e in g  t im e ,  F ig u r e  3 .2 5 a ,  a g a in  r e a c h in g  a l i m i t i n g  t h i c k n e s s  o f  
%3 nm by th e  t im e  peak  h a r d n e s s  ( y i b  h) had  been  a c h ie v e d ,
F ig u r e  3 .2 5 b ;  t h i s  s i t u a t i o n  i s  s i m i l a r  t o  t h a t  shown f o r  a l l o y  A5 i n  
F ig u r e  3 .2 2 b .  However, by t h e  t im e  peak  had  b een  r e a c h e d  th e  
p r e c i p i t a t e s  w ere  e s s e n t i a l l y  a l l  ft p h a s e ,  F ig u re  3 .2 6 a ,  and  no 
d i f f r a c t i o n  s p o t s  a t t r i b u t a b l e  to  0 ’ w ere  v i s i b l e ,  F i g u r e  3 .2 6 b .
The f r e q u e n c y  d i s t r i b u t i o n s  o f  p r e c i p i t a t e  d i a m e te r s  a t  v a r i o u s  
a g e in g  t im e s  a r e  i l l u s t r a t e d  i n  F ig u r e  3 .2 7  f o r  t h e  ft p r e c i p i t a t e .  
A g a in ,  t h e  d i s t r i b u t i o n s  c a n  be s e e n  t o  be a s y m m e tr ic a l  w i t h  l o n g e r  
t a i l s  a t  l a r g e  d i a m e t e r s .  However, a t  lo n g  t im e s  t h e  maximum 
p a r t i c l e  s i z e  i s  r o u g h ly  e q u a l  t o  t h r e e  t im e s  t h e  mean v a l u e .  
P r e c i p i t a t e  d e n s i t i e s  and  volume f r a c t i o n s  o f  b o th  ty p e s  o f
p r e c i p i t a t e  ( 0 '  and ft) a r e  shown i n  F ig u r e s  3 .2 8 a  and 3 .2 8 b
r e s p e c t i v e l y .  C l e a r l y ,  i t  can  be  s e e n  t h a t  t h e  number o f  
p r e c i p i t a t e s  on {100} a lum in ium  m a t r i x  p l a n e s  rem a in s  a t  a  low v a lu e
th ro u g h o u t  t h e  a g e in g  p r o c e s s ,  F ig u r e  3 .2 8 a .  The volume f r a c t i o n  o f
ft p h a se  i n c r e a s e s  w i t h  a g e in g  t im  a t  140°C u n t i l  a maximum v a l u e  o f  
*>-0.056, w h i l s t  t h e  volum e f r a c t i o n  o f  { 1 0 0 } - p r e c i p i t a t e  r e m a in s  
e s s e n t i a l l y  c o n s t a n t ,  *>-0.002, th ro u g h o u t  t h e  a g e in g  t im e s  i n v e s t i ­
g a te d  h e r e ,  F i g u r e  3 .2 8 b .
3 . 3 . 4 . 3  A l lo y  A3
TEM r e s u l t s  o b t a i n e d  on t h i s  m a t e r i a l  were s i m i l a r  to  t h o s e  
found  f o r  a l l o y  A 4. F re q u en c y  d i s t r i b u t i o n s  o f  p r e c i p i t a t e  d i a m e t e r s  
a t  v a r i o u s  a g e in g  t im e s  a r e  i l l u s t r a t e d  f o r  t h e  ft p r e c i p i t a t e  i n  
F ig u re  3 .2 9 .  Asym m etric  d i s t r i b u t i o n s  a r e  a g a in  a p p a r e n t ;  t h e  m ax i­
mum s i z e  i s  ro u g h ly  t w ic e  t h e  mean d i a m e te r  a f t e r  s h o r t  a g e in g  t im e s  
i n c r e a s i n g  t o  t h r e e  t im e s  a t  lo n g  a g e in g  t i m e s .  The mean p r e c i p i t a t e  
d i a m e te r s  a g a in  i n c r e a s e d  w i t h  a g e in g  t im e  a t  140°C, F ig u r e  3 . 3 0 a ,  
w i th  a  l i m i t i n g  t h i c k n e s s  o f  *>-3 nm a f t e r  *v50 h ,  F ig u re  3 .3 0 b .
F i g u r e s  3 .3 1 a  and  3 .3 1 b  show th e  v a r i a t i o n  i n  p r e c i p i t a t e  d e n s i t i e s  
and volume f r a c t i o n  o f  p r e c i p i t a t e  r e s p e c t i v e l y .  I n  t h i s  a l l o y  t h e r e  
a p p e a r s  to  be s l i g h t l y  more 0* p h a se  fo rm in g  i n  t h e  e a r l y  s t a g e s  o f  
a g e in g ,  F ig u r e  3 .3 1 a ,  b u t  by  th e  t im e  th e  p eak  h a rd n e s s  had  b e e n  
re a c h e d  (*v»25 h)  t h e  p r e c i p i t a t e  was e s s e n t i a l l y  a l l  ft p h a s e ,
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F igure  3 . 2 5  P r e c i p i t a t e  p ara m etrs  as  a f u n c t i o n  o f  a g e i n g  t i m e  a t
140°C f o r  6 ' and ft p r e c i p i t a t i o n  in a l l o y  A4;
(a )  mean d ia m e t e r  , (b)  mean t h i c k n e s s .
'  c
100nm ,
Figure  3 .26 Alloy A4 aged f o r  30h a t  140°C , <110> f o i l  ; 
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Figure 3.27 Size d is t r ibu t ions  of a  precipita te a f t e r  various times




































A g e i n g  t i m e  ff  J 4 0 ° C  Chi
F ig u re  3 .2 8  P r e c i p i t a t e  p a ra m e te r s  v e rs u s  ageing  t im e a t  1A0°C f o r  0' 
and Si p r e c i p i t a t i o n  in  a l l o y  A4;
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Figure 3.29 Size d is t r ibu t ions  of n precipi ta te  a f t e r  var ious times
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F ig u re  3 . 3 0  P r e c i p i t a t e  para meters  v e r s u s  ageing t im e  a t  140 C f o r  0'
p r e c i p i t a t i o n  i n  a l l o y  A3;
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Figure  3.31 P r e c i p i t a t e  paramete rs  a s  a func t ion  o f  age ing  t ime a t  
1A0°C f o r  0'and ft p r e c i p i t a t i o n  in a l l o y  A3;
(a)  d e n s i t y  , (b) volume f r a c t i o n  .
3 .4  T e n s i l e  T e s t  d a ta
Average v a l u e s  o f  p r o o f  s t r e s s  (0 .2 % ),  t e n s i l e  s t r e n g t h  and 
e lo n g a t i o n  f o r  a l l o y s  i n  t h e  v a r i o u s  m e t a l l u r g i c a l  c o n d i t i o n s  t e s t e d  
a r e  l i s t e d  i n  T a b le  3 . 2 ,  and t y p i c a l  s t r e s s / s t r a i n  c u r v e s  f o r  a l l  
a l l o y s  a r e  p l o t t e d  i n  F i g u r e s  3 . 3 2 ,  3 .3 4 ,  and 3 .3 5 .
F ig u re  3 .3 2  shows th e  s t r e s s / s t r a i n  c u rv e s  f o r  a l l  a l l o y s  i n  
t h e  a s - s o l u t i o n  t r e a t e d  c o n d i t i o n .  A l lo y  A5 e x h i b i t s  a  lo w e r  a v e ra g e  
0.2% p ro o f  s t r e s s  (^110 MPa) t h a n  b o t h  a l l o y s  A3 and A4 (120 MPa and 
132 MPa r e s p e c t i v e l y ) .  A s i m i l a r  t r e n d  i s  e x h i b i t e d  by  t h e  t e n s i l e  
s t r e n g t h s ,  w i t h  a l l o y  A4 showing t h e  h i g h e s t  a v e ra g e  t e n s i l e  s t r e n g t h  
(335 MPa). A l lo y  A5 showed t h e  h i g h e s t  p e r c e n ta g e  e l o n g a t i o n  v a l u e ,  
16%. The r e l a t i v e l y  low e l o n g a t i o n  v a lu e  f o r  a l l o y  A3, 7%, can  be 
a t t r i b u t e d  t o  p o r o s i t y  w hich  was more i n  e v id e n c e  i n  t h e s e  t e s t  
p i e c e s .  A l th o u g h  i n  a l l  c a s e s  t h e  f r a c t u r e  mode was e s s e n t i a l l y  
d u c t i l e  t r a n s g r a n u l a r , F ig u r e  3 . 3 3 a ,  a l l o y  A3 showed e v id e n c e  o f  
l a r g e  r e g i o n s  o f  p o r o s i t y  s u r ro u n d e d  by d u c t i l e  t r a n s g r a n u l a r  ty p e  
f a i l u r e ,  a s  shown i n  t h e  SEM f r a c t o g r a p h  i n  F ig u re  3 .3 3 b  t a k e n  from  
a l l o y  A3 i n  t h e  a s - s o l u t i o n  t r e a t e d  c o n d i t i o n .
Ageing t o  p e a k  h a r d n e s s  a t  140°C showed a marked i n c r e a s e  i n  
b o th  0.2% p r o o f  s t r e s s  and t e n s i l e  s t r e n g t h ,  F ig u re  3 . 3 4 .  However, 
e lo n g a t io n s  a r e  m a rk e d ly  re d u c e d  to  a  few p e r  c e n t  o r  b e lo w .  A l lo y s  
A3 and A4 a g a in  h a d  h i g h e r  0.2% p r o o f  s t r e s s e s  and t e n s i l e  s t r e n g t h s  
th a n  a l l o y  A5 w i t h  a l l o y  A4 h a v in g  t h e  b e s t  p e r fo rm a n c e ,  a c h i e v in g  an 
a v e ra g e  t e n s i l e  s t r e n g t h  o f  465 MPa i n  t h i s  c o n d i t i o n .
T y p ic a l  s t r e s s / s t r a i n  c u r v e s  f o r  a l l  a l l o y s  aged  t o  p eak  h a r d ­
n e s s  a t  170°C a r e  p r e s e n t e d  i n  F i g u r e  3 . 3 5 .  A gain , a l l o y s  A3 and A4 
e x h i b i t e d  h i g h e r  s t r e n g t h s  t h a n  a l l o y  A5 (T ab le  3 . 2 ) ,  w i t h  e lo n g a ­
t i o n s  e q u i v a l e n t  t o  t h o s e  o b t a i n e d  on a g e in g  t o  peak h a r d n e s s  a t  
140°C. However, when aged  to  p eak  h a r d n e s s  a t  170°C t h e  0.2% p r o o f  
s t r e s s e s  and t e n s i l e  s t r e n g t h s  o f  a l l  a l l o y s  were s l i g h t l y  h i g h e r  
t h a n  th o s e  a c h ie v e d  a f t e r  a g e in g  a t  140°C.
When aged  t o  peak  h a r d n e s s  a t  140°C and 170°C a l l  a l l o y s  
showed d u c t i l e  t r a n s g r a n u l a r  t y p e  f a i l u r e ,  a s  shown i n  t h e  SEM 
f r a c t o g r a p h  from  a l l o y  A4 aged  t o  p e a k  h a rd n e s s  a t  170°C, F ig u r e  3 .3 6 .
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T a ble  3 . 2
T e n s i l e  T e s t  Data
A l lo y C o n d i t io n 0.2% P ro o f  
S t r e s s  (MPa)
T e n s i l e  
S t r e n g t h  (MPa)
E lo n g a t io n
(%)
A3 S o l u t i o n  t r e a t e d 128 305 7 .0
Peak H a rd n e ss  ( 1A0 C) 427 435 1 .5
Peak H a rd n e ss  (170 C) 425 455 1 .5
A4 S o l u t i o n  T r e a t e d 132 335 12.1
Peak H a rd n e ss  (1A0 C) 445 465 3 .2
Peak H a rd n e ss  (170 C) 475 485 1 .5
A5 S o l u t i o n  T r e a t e d 110 290 16.0
Peak H a rd n e ss  (1A0 C) 365 400 0 .9
Peak H a rd n e ss  (170 C) 382 415 2 .0
STRAIN
Figure  3 .32 Typica l  s t r e s s / s t r a i n  curves  o f  a l l  a l l o y s  in  the  
s o l u t i o n  t r e a t e d  c o n d i t io n .
Figure  3.33 Scanning e l e c t r o n  micrographs of  a s - s o l u t i o n  t r e a t e d  
f r a c t u r e  s u r f a c e s ;
( a ) a l l o y  A5,showing d u c t i l e  t r a n s g r a n u l a r  f a i l u r e ,
( b ) a l l o y  A3,showing p o r o s i t y .
F igure  3.
P e a k  § 140 C
.0 7 5  .1
S T R A I N
34 Typical  s t r e s s / s t r a i n  curves  o f  a l l  a l l o y s  aged to  peak
hardness a t  140 C.






.1 2 5 15 2.0 2 5 .0 5 .0 7 5
ST R A IN
F ig u re  3.35 Typical  s t r e s s / s t r a i n  cu rves  o f  a l l  a l l o y s  aged to  peak 
hardness  a t  170°C.
F igure  3 .36  SEM f r a c t o g r a p h  of  a l l o y  A 4 aged t o  peak hardness  a t  140°C
3 . 5  E n v ir o n m e n t a l  T e s t  d a ta
3 .5 .1  M e ch a n ica l  t e s t s
D a ta  o b t a i n e d  from th e  e n v i r o n m e n ta l  t e s t  p ro g ram  i s  summ arised 
i n  T a b le  3 . 3 .  I n c lu d e d  i n  t h i s  t a b l e  a r e  t h e  r a t i o s  o f  t e n s i l e  
s t r e n g t h s  and r a t i o s  o f  t im e s  to  f a i l u r e  a s  m easu red  i n  s e a  w a te r  and 
i n  a i r .  However, i t  must be em p h a s ise d  t h a t  r e p r o d u c i b i l i t y  be tw een  
t e s t s  was n o t  g o o d ,  p ro b a b ly  no b e t t e r  t h a n  ±20%.
C urves  show ing  s t r e s s  a s  a  f u n c t i o n  o f  t im e  ( l i f e )  a r e  
p r e s e n t e d  i n  F i g u r e s  3 .3 7 a - c  f o r  a l l o y s  A3, A4 and A5 r e s p e c t i v e l y  in  
t h e  s o l u t i o n  t r e a t e d  c o n d i t i o n  and t e s t e d  b o t h  i n  a i r  and  s e a  w a t e r .  
From t h e s e  c u r v e s  i t  i s  c l e a r  t h a t  t e s t i n g  i n  t h e  s e a  w a t e r  e n v i r o n ­
ment had  s i g n i f i c a n t l y  r e d u c e d  th e  l i f e  i n  a l l o y s  A3 and A4 w h i l s t  
a l l o y  A5 ( c o n t a i n i n g  s m a l l e r  amounts o f  m agnesium  and  s i l v e r )  had 
b e e n  u n a f f e c t e d .
However, when th e  a l l o y s  w ere  aged  t o  peak  h a r d n e s s  a t  170°C a 
d i f f e r e n t  t r e n d  emerged ( F ig u r e s  3 . 3 8 a - c ) .  Those a l l o y s  w h ich  con ­
t a i n e d  a p p r e c i a b l e  amounts o f  z in c  (A4 and A5) a p p e a r e d  t o  have  been  
l e s s  a f f e c t e d . b y  t h e  se a  w a te r  e n v i r o n m e n t .  The r a t i o s  o f  s t r e n g t h s  
and t im e s  t o  f a i l u r e  (T ab le  3 .3 )  i n d i c a t e  t h a t  t h e  s t r e n g t h  and l i f e  
o f  a l l o y  A3 have  b e e n  more t h a n  h a l v e d ,  w h e re a s  f o r  a l l o y s  A4 and A5 
t h e  s t r e n g t h  i s  d e c r e a s e d  by o n ly  20%-25% and  t h e  l i f e  by  l e s s  th a n  
5%.
T y p ic a l  s t r e s s / l i f e  c u r v e s  from  a l l o y s  i n  t h e  o v e ra g e d  c o n d i ­
t i o n  a r e  shown i n  F ig u r e  3 . 3 9 a - c .  A l l  a l l o y s  were g iv e n  h e a t  t r e a t ­
m en ts  a t  170°C w h ich  were t h r e e  t im e s  t h a t  r e q u i r e d  t o  p ro d u c e  peak  
h a r d n e s s ,  i e  a l l o y  A5 was aged  f o r  60 h a t  170°C. The r e s u l t s ,  
sum m arised i n  T a b le  3 . 3 ,  i n d i c a t e  t h a t  a l l o y  A5 a p p e a r s  t o  be 
a f f e c t e d  by t h e  s a l t  w a te r  e n v iro n m e n t  w i t h  a  r e d u c t i o n  i n  s t r e n g t h  
o f  %40% and a  d e c r e a s e  i n  t im e  t o  f a i l u r e  o f  ^75%. B o th  a l l o y  A3 and 
A4 a p p e a re d  t o  b e  l i t t l e  a f f e c t e d  by e x p o s u re  t o  t h e  s e a  w a t e r  when 
i n  th e  o v e ra g e d  c o n d i t i o n .
3 . 5 . 2  F r a c to g r a p h y
3 . 5 . 2 . 1  A l lo y  A5
A t y p i c a l  v iew  o f  t h e  f r a c t u r e  s u r f a c e  o f  s o l u t i o n - t r e a t e d  
a l l o y  A5 a f t e r  t e s t i n g  in  a i r  i s  shown i n  t h e  s c a n n in g  e l e c t r o n  
m ic ro g ra p h ,  F ig u r e  3 .4 0 a .  The f r a c t u r e  mode was e s s e n t i a l l y  d u c t i l e
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Table  3 . 3
E n v ir o n m e n t a l  T e s t  Data









A3 S o l u t i o n  T r e a t e d 325 15.5 298 11 .0 0 .9 2 0 .71
Peak H a rd n e ss A10 15.5 190 7 .0 0 .4 6 0 .4 5
O veraged 420 12.0 406 11 .0 0 .9 7 0 .9 2
A4 S o l u t i o n  T r e a t e d 365 2 8 .0 325 8 .5 0 .7 8 0 .3 0
Peak H a rd n e ss 465 15.5 460 12 .0 0 .9 9 0 .7 7
Overaged 407 11.0 402 9 .5 0 .9 9 0 .8 6
A5 S o l u t i o n  T r e a t e d 340 2 8 .0 330 2 4 .0 0 .9 7 0 .8 6
Peak H a rd n e ss 402 19.0 390 14 .5 0 .9 7 0 .7 6
O veraged 420 2 7 .0 250 6 .7 0 .5 9 0 .2 5
TS = T e n s i l e  S t r e n g t h  , +10 MPa 
TTF = Time t o  F a i l u r e  , h 
A = r a t i o  o f  t e n s i l e  s t r e n g t h s ,  Sea W a te r /A i r  
B = r a t i o  o f  t im e s  t o  f a i l u r e ,  Sea W a te r /A i r
F ig u r e  3
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.3 7  S t r e s s  v e r s u s  l i f e  c u r v e s  f o r  s o l u t i o n  t r e a t e d  a l l o y s
t e s t e d  i n  a i r  and s a l t  w a te r ;
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s s  v e r s u s  l i f e  c u r v e s  f o r  a l l o y s  aged t o  peak
n e s s  a t  170°C and t e s t e d  i n  a i r  and s a l t  w a te r ;
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T im e  ChJ
v e r s u s  l i f e  c u r v e s  f o r  a l l o y s  o v er a g ed  a t  170°C
oy A3 , (b)  a l l o y  A4 , (c)  a l l o y  A5.
t r a n s g r a n u l a r ,  a s  i n  th e  c a s e  o f  f a s t e r  s t r a i n - r a t e  t e n s i l e  t e s t i n g  
( s e c t i o n  3 . 4 ) .  A f t e r  t e s t i n g  i n  s e a  w a t e r ,  t h e r e  was l i t t l e  d i f f e r ­
ence  i n  t h e  a p p e a r a n c e  o f  t h e  f r a c t u r e  s u r f a c e  a p a r t  f rom  a few 
c o r r o s i o n  p r o d u c t s .  These  p r o d u c t s  had  u n d o u b te d ly  fo rm ed  p o s t ­
f r a c t u r e  b e f o r e  t h e  b ro k e n  spec im en  c o u ld  be removed from  t h e  s a l i n e  
s o l u t i o n .
When t e s t e d  i n  a i r  i n  t h e  p e a k - h a r d n e s s  c o n d i t i o n ,  a l l o y  A5 
a g a in  e x h i b i t e d  a d u c t i l e  t r a n s g r a n u l a r  f a i l u r e .  However, when 
t e s t e d  i n  s e a  w a t e r ,  t h e  f r a c t u r e  mode was e s s e n t i a l l y  i n t e r c r y s t a l ­
l i n e  w i th  e x t e n s i v e  c o r r o s i v e  a t t a c k ,  F ig u re  3 .4 0 b .  C o r r o s i o n  p r o ­
d u c t s  were e v i d e n t  on th e  f r a c t u r e  s u r f a c e ,  F ig u r e  3 . 4 0 c ,  a s  were 
"m u d -c rack "  f e a t u r e s ,  F ig u r e  3 .4 0 d .  Chem ical a n a l y s i s ,  u s i n g  th e  ED 
a t t a c h m e n t  t o  t h e  SEM, o f  t h e  c o r r o s i o n  p r o d u c t s  and t h e  "m u d -c ra c k "  
f e a t u r e s  i s  i l l u s t r a t e d  i n  F i g u r e s  3 .4 1 a  and 3 .4 1 b  r e s p e c t i v e l y .  The 
c o r r o s i o n  p r o d u c t s ,  ( F ig u r e  3 . 4 1 a ) ,  c o n ta i n e d  c o n s i d e r a b l e  am ounts o f  
oxygen , s u l p h u r  and c h l o r i n e ,  some sod ium , a s  w e l l  a s  t h e  a l l o y  
e le m e n ts  a lu m in iu m  and c o p p e r .  The "m ud-c rack"  f e a t u r e s ,
F ig u re  3 .4 1 b ,  a l s o  c o n ta i n e d  t h e s e  e l e m e n t s ,  a l t h o u g h  t h e i r  s u lp h u r  
c o n t e n t  a p p e a r e d  t o  b e  h i g h e r  and c h l o r i n e  g e n e r a l l y  l o w e r .  On t h e  
more d u c t i l e  r e g i o n  o f  f r a c t u r e ,  s m a l l  amounts o f  c h l o r i n e  and  
s u lp h u r  w ere  found  b u t  t h e s e  w ere  t h e  r e s u l t  o f  p o s t - f r a c t u r e  
im m ersion  i n  t h e  s e a  w a t e r .  C o n f i r m a t io n  o f  t h i s  was o b t a i n e d  from  
th e  t e s t s  c a r r i e d  o u t  on p o l i s h e d  a l l o y  sam ples  imm ersed i n  t h e  
s a l i n e  e n v iro n m e n t  f o r  s e v e r a l  h o u r s ;  t h e s e  showed l o c a l i s e d  a t t a c k  
w i th  c o r r o s i o n  p r o d u c t s  c o n t a i n i n g  t h e  same e le m e n ts  i d e n t i f i e d  i n  
F ig u r e s  3 .4 1 a  and  3 .4 1 b .
When o v e ra g e d  a t  170°C, a l l o y  A5 showed d u c t i l e  t r a n s c r y s t a l ­
l i n e  f a i l u r e  when t e s t e d  i n  a i r .  However, t h e  s e a  w a t e r  t e s t  p r o ­
duced th e  l a r g e s t  d e g re e  o f  i n t e r c r y s t a l l i n e  f r a c t u r e  o b s e r v e d  f o r  
a l l o y  A5. T h e re  was e x t e n s i v e  c o r r o s i v e  a t t a c k  w i th  t h e  p r o d u c t s  
a g a in  c o n t a i n i n  oxy g en ,  s u l p h u r ,  c h l o r i n e  and a t r a c e  o f  sod ium , i n  
a d d i t i o n  t o  t h e  a l l o y  e le m e n ts  a lum in ium  and c o p p e r .
3 . 5 . 2 . 3  A l lo y  A3
The A3 a l l o y  s e r i e s  gave  s i m i l a r  r e s u l t s  t o  t h o s e  o f  t h e  A5 
s e r i e s .  I n  t h e  s o l u t i o n - t r e a t e d  c o n d i t i o n  th e  f r a c t u r e  mode was 
e s s e n t i a l l y  d u c t i l e  t r a n s g r a n u l a r ,  w i t h  c o r r o s i o n  p r o d u c t s  on th e  
s u r f a c e ,  due t o  p o s t - f r a c t u r e  im m e rs io n ,  when t e s t e d  i n  s a l t  w a t e r .
I n  t h e  peak  h a r d n e s s  c o n d i t i o n ,  t e s t i n g  i n  a i r  a g a in  p ro d u c e d
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Figure  3.40 Scanning e l e c t r o n  micrographs of  f r a c t u r e  s u r f a c e s  of  
env i ronm en ta l ly  t e s t e d  specimens; (a) s o l u t i o n  t r e a t e d  
aloy  A5 t e s t e d  in  a i r  showing d u c t i l e  t r a n s g r a n u l a r  
f a i l u r e  f (b) A5 a l l o y  in  the peak hardness  cond i t ion  
t e s t e d  in  s a l t  water  showing i n t e r c r y s t a l l i n e  f a i l u r e  , 
(c) as  (b) showing c o r ro s io n  p roduc ts  , (d) as  (b) 
showing "mud-crack” d e p o s i t .





F igure  3 . A1 EDS s p e c t r a  o f : ( a )  c o r r o s io n  p roduc ts  , (b) "mud-crack” 
d e p o s i t .
d u c t i l e  f a i l u r e ,  a s  i l l u s t r a t e d  i n  F ig u re  3 .4 2 a ,  b u t  e x t e n s i v e  
i n t e r g r a n u l a r  f a i l u r e  when t e s t e d  i n  th e  s a l i n e  e n v i r o n m e n t ,
F ig u re  3 .4 2 b .  A f e a t u r e  o f  t h i s  f r a c t u r e  was t h e  o c c u r r e n c e  o f  
e x t e n s i v e  ’’m u d -c ra c k "  c o r r o s i o n  p r o d u c t s  on th e  g r a i n  b o u n d a r i e s ,  
F ig u r e  3 .4 2 c .  T h is  i s  f u r t h e r  i l l u s t r a t e d  i n  th e  h i g h e r  m a g n i f i c a ­
t i o n  SEM m ic ro g ra p h  o f  F i g u r e  3 .4 2 d .  I n  th e  o v e ra g e d  c o n d i t i o n  th e  
f a i l u r e  mode r e v e r t e d  t o  t h e  d u c t i l e  t r a n s g r a n u l a r  b e h a v io u r  o b s e rv e d  
in  t h e  s o l u t i o n - t r e a t e d  a l l o y s .  A n a ly s i s  o f  t h e  c o r r o s i o n  p r o d u c t s ,  
b o th  p o s t - f r a c t u r e  a r t e f a c t s  and  "m ud-c rack"  p r o d u c t s ,  w ere  s i m i l a r  
to  t h o s e  o b t a i n e d  f o r  a l l o y  A5.
3 . 5 . 2 . 3  A l lo y  A4
R e s u l t s  on A4 a l l o y  w ere  s i m i l a r  to  th o s e  o b t a i n e d  on th e  A5 
a l l o y  s e r i e s .  I s o l a t e d  i n t e r g r a n u l a r  f a c e t s  were o b s e rv e d  on th e  
f r a c t u r e  s u r f a c e  o f  a l l o y  221 , s o l u t i o n - t r e a t e d  and  t e s t e d  i n  s e a  
w a t e r ,  a l t h o u g h  v e ry  few w ere  o b s e r v e d ,  F ig u re  3 .4 3 a .  A ga in  t h e  
"m u d -c rack "  p r o d u c t s  a r e  p r e s e n t .  Ageing t o  peak  h a r d n e s s  and  t e s t ­
in g  i n  t h e  s a l t  w a te r  e n v i ro n m e n t  a g a in  p roduced  some i n t e r g r a n u l a r  
f a i l u r e  a l t h o u g h  t h i s  was much l e s s  th a n  a l l o y s  A3 and  A5,
F ig u re  3 .4 3 b ,  and t h e  f r a c t u r e  mode was a m a j o r i t y  o f  d u c t i l e  t r a n s ­
g r a n u l a r ,  F ig u r e  3 .4 3 c .  A g a in ,  i n  t h e  o v e rag ed  c o n d i t i o n  t h e  f a i l u r e  
was d u c t i l e  t r a n s g r a n u l a r ,  w i t h  c o r r o s i o n  p r o d u c t s  on t h e  f r a c t u r e  
s u r f a c e  a f t e r  t e s t i n g  i n  s e a  w a t e r .  A n a l y t i c a l  d a t a  o b t a i n e d  on t h e  
c o r r o s i o n  p r o d u c t s  w ere  s i m i l a r  t o  a l l o y s  A3 and A3, a l t h o u g h  
som etim es a t r a c e  o f  m agnesium  a n d / o r  s i l v e r  c o u ld  be  l o c a t e d  i n  t h e  
"m ud-c rack"  d e p o s i t s .
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Figure  3.42 Scanning e l e c t r o n  micrographs  of  f r a c t u r e  s u r f a c e s  o f  
env i ronmenta l ly  t e s t e d  specimens ;  (a) a l l o y  A3 aged to  
peak hardness  and t e s t e d  in  a i r  , (b) a l l o y  A3 aged to  
peak hardness  and t e s t e d  i n  s a l t  water  showing 
i n t e r c r y s t a l l i n e  f a i l u r e  , (c)  as  (b) showing "mud-crack 
depos i t s  on g r a i n  b o u n d a r ie s  , (d) as  ( c ) .
Figure  3.43 SEM f r a c t o g r a p h s  o f  e n v i ro n m e n ta l ly  t e s t e d  a l l o y  A4;
(a) s o l u t i o n  t r e a t e d  and t e s t e d  in s a l t  wate r  showing 
i n t e r g r a n u l a r  f a c e t s  , (b) aged to  peak hardness  showing 
i n t e r  g r a n u l a r  f a c e t s  , (c)  as. (b) showing t r a n s g r a n u l a r  
f a i l u r e .
CHAPTER 4
DISCUSSION
T h i s  r e s e a r c h ,  w hich c o n c e r n s  th e  r e l a t i o n s h i p  betw een th e  
m i c r o s t r u c t u r e  of s e v e r a l  c a s t  a lum in ium ^and  t h e i r  m ec h a n ic a l  p r o p e r t i e s ,  
may b e  c o n s id e r e d  a s  h a v in g  t h r e e  o b j e c t i v e s :
( i )  t o  s tu d y  th e  e f f e c t s  on m i c r o s t r u c t u r e  o f  v a r y i n g  the  amount
o f  m agnesium , s i l v e r ,  and z in c  a d d i t i o n s  on t h e  p r e c i p i t a t i o n  b e h a v io u r  
o f  an a lu m in iu m -c o p p e r  a l l o y .
( i i )  t o  r e l a t e  t h e  r e s u l t i n g  m i c r o s t r u c t u r e s  w i th  t h e  m ech an ica l  
b e h a v io u r  o f  th e  a l l o y s .
( i i i )  t o  c a r r y  o u t  a  p r e l i m i n a r y  s tu d y  o f  t h e  s t r e s s - c o r r o s i o n  
b e h a v io u r  o f  th e  a l l o y s  i n  a s a l t  w a te r  e n v i r o n m e n t .
We s h a l l  d i s c u s s  t h e  r e s u l t s  i n  t h e  above  o r d e r  b u t  f i r s t  we 
s h a l l  c o n s i d e r  t h e  a s - c a s t  s t r u c t u r e  and t h e  e f f i c i e n c y  of  s o l u t i o n  
t r e a t m e n t .
4 .1  A s -C a s t  and S o l u t i o n  T r e a t e d  M a t e r i a l s
A c o a r s e - g r a i n e d  m i c r o s t r u c t u r e  o f  t h e  a s - r e c e i v e d  m a t e r i a l s  i s  
t y p i c a l  o f  c a s t  a lum in ium  a l l o y s .  I n  t h e  i n i t i a l  s t a g e s  o f  s o l i d i f i ­
c a t i o n ,  d e n d r i t e s  o f  a lm o s t  p u re  a lum in ium  h a v e  form ed which have  
become p r o g r e s s i v e l y  e n r i c h e d  i n  c o p p e r  d u r in g  g ro w th ,  l e v e l s  o f  
c o p p e r  i n c r e a s i n g  from  M  .3wt% i n  t h e  g r a i n  i n t e r i o r  t o  rv>3.8wt% in  t h e  
r e g i o n  o f  t h e  g r a i n  b o u n d a r i e s .  I n  t h e  f i n a l  s t a g e s  o f  s o l i d i f i c a t i o n  
when th e  d e n d r i t e s  im pinge on one a n o t h e r ,  r e j e c t e d  s o l u t e  h a s  
rem a in e d  i n  th e  l i q u i d  p h a s e  u n t i l  t h e  e u t e c t i c  c o m p o s i t io n  i s  r e a c h e d .  
The e u t e c t i c  l i q u i d  t r a p p e d  b e tw e e n  g r a i n  b o u n d a r i e s  and d e n d r i t e s  h a s  
s o l i d i f i e d  l a s t ,  fo rm in g  a n e tw o rk  o f  p a r t i c l e s  c o n t a i n i n g  ^50wt% 
c o p p e r .  T h is  c o r r e s p o n d s  t o  t h e  p h a s e  CuAl^* A lth o u g h  o t h e r  e le m e n ts  
were o b s e rv e d  in  t h e s e  g r a i n  b o u n d a ry  p a r t i c l e s ,  t h e  am ounts were 
r e l a t i v e l y  s m a l l ,  l e s s  th a n  a  few  p e r  c e n t .
. .- „  . . 139, 140 .I n  p r e v io u s  work on s i m i l a r  a l l o y  c o m p o s i t io n s  i r o n  was
found  t o  b.e. d e t r i m e n t a l ,  w i th  r e g a r d  t o  t h e  f o r m a t i o n  o f  g r a i n  b o u n d a ry
139p a r t i c l e s .  Smith and  S c o t t  o b s e rv e d  some p a r t i c l e s  c o n t a i n i n g  up t o
12wt% i r o n  a n d /o r  m anganese ,  s i m i l a r  t o  t h e  B p h ase  found  i n  Al-Cu
141a l l o y s  c o n t a i n i n g  0.05% i r o n  a s  a n  i m p u r i ty  , Cu^A lFe^. The p a r t i c l e s  
w ere  i n s o l u b l e  a t  t h e  s o l u t i o n  t r e a t m e n t  t e m p e r a tu r e  (5 3 0 °C ) ,  and
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h i g h e r  s o l u t i o n  t r e a t m e n t  t e m p e r a tu r e s  w ere  r u l e d  o u t  a s  i t  a p p e a re d  
t h a t  t h i s  g r a in - b o u n d a r y  p h a se  re a c h e d  i t s  m e l t i n g  p o i n t  b e f o r e  b e in g  
c o m p le te ly  d i s s o l v e d  and th e n  m ig r a te d  a ro u n d  th e  g r a i n  b o u n d a r ie s  
w here  i t  en c o u ra g e d  th e  f o r m a t io n  o f  c r a c k s  d u r in g  th e  quench .
One o f  th e  i n t e n t i o n s  in  t h i s  work w as , t h e r e f o r e ,  to  keep i r o n  
im p u r i t y  l e v e l  a s  low a s  p o s s i b l e  in  o r d e r  t o  r e s t r i c t  t h e  f o rm a t io n  
o f  t h e s e  i n s o l u b l e  g r a i n  b ounda ry  p a r t i c l e s ,  th u s  a l lo w in g  more 
c o p p e r  f o r  th e  p r e c i p i t a t i o n  p r o c e s s e s .  The tw o - s t a g e  s o l u t i o n  
t r e a t m e n t  a d o p te d  in  t h e  p r e s e n t  work was more e f f e c t i v e  th a n  th e  
s i n g l e  t r e a tm e n t  u s e d  p r e v i o u s l y  ( i e  42 h o u r s  a t  530°C) w i th  th e
r e d u c t i o n  in  t h e  l e v e l  i r o n  im p u r i ty  in  th e  c a s t i n g s  c o n t r i b u t i n g
s i g n i f i c a n t l y  to  h o m o g e n i s a t io n  o f  t h e  a l l o y s .  T h is  tw o - s ta g e  t r e a tm e n t  
a l s o  s u c c e s s f u l l y  e l i m i n a t e d  th e  c o r i n g  p r e s e n t  in  th e  a s - c a s t  a l l o y s ,  
and  t h i s  i s  c o n f i rm e d  by th e  EPMA (See F i g u r e  3 .3 )  w here a v a lu e  o f  
^4.6wt%  c o p p e r  was r e c o r d e d  a c r o s s  a g r a i n .  S i m i l a r l y ,  th e  amount o f  
g r a i n - b o u n d a r y  p h a s e  was r e d u c e d  to  l e s s  th a n  1% by volum e.
4 .2  R esponse  t o  A geing
W hether aged  a t  140°C o r  170°C, t h e  t e n s i l e  s t r e n g t h  o f  a l l  t h r e e
a l l o y s  i n c r e a s e d  to  maximum v a lu e s  i n  e x c e s s  o f  400 MPa. A l lo y  A4
was th e  s t r o n g e r ,  g i v i n g  an  a v e ra g e  t e n s i l e  s t r e n g t h  o f  485 MPa a f t e r
a g e in g  a t  170°C, w i th  v a l u e s  a s  h ig h  a s  525 MPa b e in g  a c h e iv e d .  A l lo y
A3 was th e  n e x t  s t r o n g e s t  a l l o y  (455 MPa) fo l lo w e d  by A5 (415 MPa),
b o t h  aged  a t  170°C. T e n s i l e  s t r e n g t h s  w ere  s l i g h t l y  low er  when 140°C
was a d o p te d  a s  t h e  a g e in g  t e m p e r a tu r e  (4 6 5 ,  435) and  400 MPa
r e s p e c t i v e l y  f o r  a l l o y s  A4, A3 and A 5 ) . The h a r d n e s s  d a t a  i n d i c a t e d  a
s i n g l e - s t a g e  a g e in g  p r o c e s s  a t  b o th  140°C and 170°C, a l th o u g h  p r e v i o u s  
139work on a l l o y s  o f  s i m i l a r  c o m p o s i t io n  had  s u g g e s te d  th e  p o s s i b i l i t y ,  
a l t h o u g h  n o t  w e l l  d e f i n e d ,  o f  a  tw o - s t a g e  h a r d e n in g  p r o c e s s  s i m i l a r  to  
t h a t  o b s e rv e d  in  b i n a r y  A l-Cu a l l o y s  a t  lo w e r  a g e in g  t e m p e r a t u r e s .
P r e c i p i t a t e  m o rp h o lo g ie s  p r e s e n t  i n  a l l o y  A5 a t  p e a k - h a r d n e s s
. . . 114w e re  s i m i l a r  t o  t h o s e  r e p o r t e d  p r e v i o u s l y  by T a y lo r  e t  a l  , by
139 140S m ith  and S c o t t  , by  C o lbeck  and S c o t t  , and by C h e s te r  and
P o l m e a r ^ ^ ,  a l l  o f  whom s t u d i e d  a l l o y s  o f  c o m p arab le  c o m p o s i t io n .  Two
d i s t i n c t  p r e c i p i t a t e  t y p e s  w ere  o b se rv e d  -  t h e  6* p h a s e  l y in g  on th e
{100} m a t r ix  p l a n e s  o f  t h e  a lum in ium  l a t t i c e ,  and a d i f f e r e n t  p r e c i p i t a t e
fo rm in g  on {111} a lu m in iu m  m a t r ix  p l a n e s .  However, in  a l l o y s  A3 and
A4, w hich c o n ta i n e d  g r e a t e r  am ounts o f  magnesium (0.74wt% and 0.65wt%
r e s p e c t i v e l y  com pared w i th  0.23wt% in  2 1 9 ) ,  t h e  { 1 0 0 } - ty p e  p r e c i p i t a t e
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was v i r t u a l l y  a b s e n t  a t  peak h a r d n e s s .  Some {100} p r e c i p i t a t e  was 
o b s e rv e d  i n  t h e  e a r l y  s t a g e s  of a g e in g ,  i n  p a r a l l e l  w i th  t h e  {111} 
mode, b u t  t h i s  t e n d e d  to  d i s s o l v e  in  f a v o u r  of  th e  { 1 1 1 } - ty p e  g row th .
Com parison o f  a l l o y s  A3 and A4 r e v e a l s  v i r t u a l l y  s i m i l a r  
b e h a v io u r  a t  b o th  a g e in g  t e m p e r a t u r e s ,  w i th  o n ly  m inor d i f f e r e n c e s .
F o r  exam p le ,  in  a l l o y  A4, which c o n t a i n e d  a s m a l l  a d d i t i o n  o f  1.13wt% 
z in c  compared w i th  A3, th e  s i z e  o f  p r e c i p i t a t e  was r e d u c e d  s l i g h t l y  
b u t  t h e  c r y s t a l  s t r u c t u r e  was u n a f f e c t e d  by th e  a d d i t i o n .
I n  t h e  n e x t  s e c t i o n  th e  c r y s t a l  s t r u c t u r e  and o r i e n t a t i o n  o f  th e  
{ 1 1 1 } - ty p e  p r e c i p i t a t e  i s  d i s c u s s e d .
4 .3  C r y s t a l  S t r u c t u r e  o f  th e  { 1 1 1 } - ty p e  P r e c i p i t a t e
The e l e c t r o n  d i f f r a c t i o n  d a t a  from  th e  Al-Cu-Mg-Ag a l l o y s  
p r e s e n t e d  in  th e  p r e c e e d in g  c h a p te r  h av e  shown t h a t  t h e  p r e c i p i t a t e  
w hich  fo rm s on t h e  {111} a lum inium  m a t r i x  p l a n e s  h a s  a  h e x a g o n a l  
s t r u c t u r e  w i t h :
a  = 0 .4 9 6  nm
and
c / a  = 1 .414
The p r e c i p i t a t e  h a s  an  o r i e n t a t i o n  r e l a t i o n s h i p  w i th  th e  a lum in ium  
l a t t i c e  such  t h a t :
C00013ppt |< 1 1 1>A1 
<10T0>ppt|l<110>Al
Such an  o r i e n t a t i o n  r e l a t i o n s h i p  l e a d s  t o  c l o s e  r e g i s t r y  b e tw e en  th e  
r e s p e c t i v e  c r y s t a l  l a t t i c e s .
Based on th e  o r i e n t a t i o n  r e l a t i o n s h i p ,  t h e  atom  p o s i t i o n s  a t  
t h e  i n t e r f a c e  a r e  shown in  F ig u re  4 . 1 .  I n  t h i s  d iag ra m  shaded  c i r c l e s  
r e p r e s e n t  a tom s i n  a  (111) p la n e  o f  t h e  a lu m in iu m  l a t t i c e .  Atoms in  
t h e  a d j a c e n t  p l a n e  o f  t h e  p r e c i p i t a t e  a r e  i n d i c a t e d  by open c i r c l e s ,  
w i th  t h e  b a s e  of t h e  h e x a g o n a l  u n i t  c e l l  su p e r im p o se d  on t h i s  l a y e r .  
The c l o s e  r e g i s t r y  b e tw e en  th e  r e s p e c t i v e  c l o s e  packed  p l a n e s  i s  
c l e a r l y  e v i d e n t ,  a th o u g h  a t  t h i s  s t a g e  no d i s t i n c t i o n  i s  made be tw een  




Figure  4.1 Atom p o s i t i o n s  a t  m a tr ix / f t  p r e c i p i t a t e  i n t e r f a c e ;  shaded 
c i r c l e s  r e p r e s e n t  atoms in  a (111) plane of  aluminium , 
open c i r c l e s  co r respond  t o  atoms in  the  p r e c i p i t a t e  , 
the base o f  the  hexagon i s  shown as  a broken l i n e .
A ttem p ts  were made to  o b t a i n  ch e m ica l  c o m p o s i t io n s  o f  th e  
p r e c i p i t a t e s  to  complement th e  c r y s t a l  s t r u c t u r e  d a ta  b u t  t h e s e  
e x p e r im e n ts  were n o t  e n t i r e l y  s u c c e s s f u l  due to  th e  sm a l l  mass volume 
o f  th e  p a r t i c l e s  b e in g  a n a ly s e d  and th e  l i m i t e d  s e n s i t i v i t y  o f  th e  
EDS f a c i l i t y  a t t a c h e d  t o  th e  TEM. Thin  f o i l  specim ens  c o n t a i n i n g  
l a r g e  ove raged  p r e c i p i t a t e s  were examined and a p a r t  f rom  a h ig h  
a lum inium  s i g n a l  o n ly  a sm a l l  amount of c o p p e r  was fo u n d  in  th e  
p a r t i c l e s .  The r e s u l t s  s u g g e s te d  t h a t  th e  p r e c i p i t a t e  was e s s e n t i a l l y  
th e  CuAl^ p h a s e .  I f  any o t h e r  e le m e n t s ,  such  a s  magnesium o r  s i l v e r ,  
were p r e s e n t  th e  p a r t i c l e  c o u ld  n o t  have  c o n ta i n e d  more t h a n  ^1% of 
them.
Based on t h i s  p r e m is e ,  i e  a  p r e c i p i t a t e  c o m p o s i t io n  o f  CuAl^* 
one p o s s i b l e  a r ra n g e m e n t  o f  atoms w i t h i n  th e  p r e c i p i t a t e  i s  i l l u s t r a t e d  
in  F ig u r e  4 . 2 .  I n  t h i s  d iag ram  h a tc h e d  c i r c l e s  r e p r e s e n t  c o p p e r  atoms 
in  a  (0001) p l a n e  o f  t h e  h e x a g o n a l  u n i t  c e l l ,  one o u t  o f  t h r e e  
a lum in ium  atom s b e in g  r e p l a c e d  by a c o p p e r  atom  in  a c c o r d  w i th  th e  
fo rm u la  CuAl^* A lth o u g h  t h i s  i s  n o t  th e  o n ly  c o n f i g u r a t i o n  o f  atom s 
t h a t  c o u ld  o c c u r ,  i t  i s  a p r o b a b le  o n e ,  a s  t h e  f o l l o w in g  a n a l y s i s  
s u g g e s t s .
The c lo s e - p a c k e d  p l a n e  o f  a to m s ,  d e s ig n a t e d  an A l a y e r ,  i s  
r e p r e s e n t e d  by th e  u p p e r  t r i a n g l e  i n  F ig u re  4 . 2 .  T h is  j o i n s  th e  co p p e r  
atom p o s i t i o n s .  T r i a n g l e  B i n d i c a t e s  th e  a d j a c e n t  c l o s e  p ack ed  l a y e r  
where th e  c o r n e r s  o f  t h e  t r i a n g l e  a g a in  mark th e  c o p p e r  a tom  p o s i t i o n s .  
T r i a n g l e  C marks t h e  p o s i t i o n  o f  th e  t h i r d  l a y e r ,  and th e  n e x t  i s  
r e p r e s e n t e d  by D. The c o r n e r s  o f  t r i a n g l e  D ( r e p r e s e n t i n g  c o p p e r  atom  
p o s i t i o n s  o n ly )  a r e  im m e d ia te ly  above  co p p e r  atoms i n  l a y e r  A. Thus,
th e  s t a c k i n g  s e q u en c e  may be  e x p r e s s e d  a s  ABCA   The c p a ra m e te r
of  th e  h e x a g o n a l  u n i t  c e l l  i s  th e n  s im p ly  th e  d i s t a n c e  b e tw e en  t h r e e  
c lo s e - p a c k e d  p l a n e s ,  i e  £  e q u a l s  x3 th e  a lum in ium  d ^ ^  s p a c in g  -  a s  
deduced  from  th e  e l e c t r o n  d i f f r a c t i o n  d a t a .  A ls o ,  th e  d i s t a n c e  
be tw een  a p a i r  o f  c o p p e r  atoms a lo n g  <1120> i s  e q u a l  t o  t h e  a_ p a ra m e te r
of  th e  u n i t  c e l l ,  a s  i l l u s t r a t e d  i n  F ig u r e  4 . 2 ,  i e ;
a
Tan 60 -  a tom ic  s p a c in g
a = /3  x 0 .2 8 6
=5> a  = 0 .4 9 6  nm
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F ioure  A. 2 Atom p o s i t i o n s  i n  t h e  b a s a l  p lanes  of  the  ft p r e c i p i t a t e ;  
open c i r c l e s  r e p r e s e n t  aluminium , hatched c i r c l e s  
copper atoms; c o r n e r s  o f  t r i a n g l e s  A,B,C, and D i n d i c a t e  
p o s i t i o n s  of  copper  atoms in  success ive  close -packed 
l a y e r s  t o  g ive  a s t a c k i n g  sequence ABCA.. . .
T hus, t h e  h e x a g o n a l  u n i t  c e l l  may be  e n v is a g e d  a s  a c o n t i n u a t i o n
o f  t h e  ABCA ..........  s t a c k i n g  seq u en ce  o f  c l o s e  packed  p l a n e s  o f  th e
a lum in ium  l a t t i c e .  However, when th e  p r e c i p i t a t e  form s c o p p e r  atoms 
a r e  added  and c o n s e q u e n t ly  th e  c l o s e  packed  c u b ic  u n i t  c e l l  i s  no 
l o n g e r  a n  a p p r o p r i a t e  c o n s t r u c t i o n ;  th e  l a r g e r  h e x a g o n a l  sp a ce  l a t t i c e  
m ust be  a d o p te d  c o n t a i n i n g  27 a tom s o f  w hich 9 a r e  o f  c o p p e r .  I n  
a d d i t i o n ,  th e  i n t r o d u c t i o n  of  c o p p e r  a tom s in  p l a c e  o f  some o f  th e  
a lum in ium  atom s a s  t h e  p r e c i p i t a t e  grows would s u g g e s t  t h a t  some m easure  
o f  i n s t a b i l i t y  w i l l  be  i n t r o d u c e d  i n t o  t h e  s t r u c t u r e .  The v e r y  lo n g  
s t r e a k i n g  o b s e rv e d  in  th e  d i f f r a c t i o n  p a t t e r n s ,  i s  h o w e v e r ,  g r e a t e r  
th a n  would be e x p e c t e d  from  th e  e s t i m a t e d  t h i c k n e s s  (^3nm) o f  th e  
p r e c i p i t a t e  p l a t e l e t s  s e e n ,  f o r  e x a m p le ,  i n  F i g u r e s  4 .1 1 b  and 4 .12b  
s u g g e s t i n g  t h e r e  i s  some f a u l t i n g  on a u n i t  c e l l  l e v e l  b e tw e en  c l o s e -  
pac k ed  p l a n e s  o f  th e  s t r u c t u r e .
S t r e a k i n g  i s  a  common o c c u r r e n c e  i n  d i f f r a c t i o n  p a t t e r n s ,  and a l l
ty p e s  o f  p a r t i c l e  h av e  been  shown t o  p ro d u c e  s t r e a k i n g  t o  some 
141d e g re e  . T h in  c o h e r e n t  p r e c i p i t a t e s  p ro d u c e  s t r e a k in g ,  i n  d i f f r a c t i o n  
p a t t e r n s  due t o  two f a c t o r s ;  t h e  a g g r e g a t i o n  o f  s o l u t e  a tom s i n  th e  
p r e c i p i t a t e  p r o v id e s  sm a l l  c e n t r e s  o f  d i f f e r e n t  s c a t t e r i n g  power f o r  
th e  m a t r i x  a n d ,  s e c o n d ly ,  i f  t h e  a tom  s i z e  o f  th e  s o l u t e  and s o l v e n t  a r e  
d i f f e r e n t  th e n  e l a s t i c  d i s t o r t i o n  o f  t h e  m a t r i x  may o c c u r .  The n a t u r e  
o f  such  s t r e a k i n g  depends  on th e  sh a p e  o f  t h e  p a r t i c l e ,  w i t h ,  f o r  
e x a m p le ,  s t r e a k s  th ro u g h  each  r e c i p r o c a l  l a t t i c e  p o i n t  o c c u r r i n g  i f  the  
p a r t i c l e  i s  d i s c  shaped  and a d i f f u s e  s h e l l  a round  e a ch  r e c i p r o c a l  
l a t t i c e  p o i n t  i f  t h e  p a r t i c l e  i s  s p h e r i c a l .  A s im p le  exam ple  o f  t h i s  
ty p e  o f  e f f e c t  i s  s e e n  in  an  Al-Cu a l l o y  c o n t a i n i n g  GP z o n e s .
Sem i- o r  p a r t i a l l y - c o h e r e n t  p r e c i p i t a t e s  have  a l s o  b e e n  shown 
. 141to  p ro d u c e  s t r e a k i n g  , w i th  t h e  p r e c i p i t a t e s  d i f f r a c t i n g  a c c o r d in g  
to  i t s  own c r y s t a l  s t r u c t u r e  r a t h e r  th a n  by d i s t o r t i o n  o f  t h e  m a t r ix  
s p o t s ,  a s  f o r  c o h e r e n t  p a r t i c l e s .  A sy s te m  where s t r e a k i n g  i s  o b se rv e d  
f o r  s e m i - c o h e r e n t  p r e c i p i t a t e s  i s  t h e  a lu m in i u m - s i lv e r  b i n a r y  sy s te m , 
w here  p r e c i p i t a t i o n  o f  t h e  y* p h a s e  o f t e n  g i v e s  r i s e  t o  s t r e a k i n g  in  
d i f f r a c t i o n  p a t t e r n s  dep en d in g  on t h e  zone a x i s  o f  t h e  p a t t e r n  
i t s e l f .  T h is  i s  s im p ly  b e c a u s e  t h e  y '  p h a s e  h a s  a  h e x a g o n a l  c lo s e  
packed  s t r u c t u r e  w i th  a  d e f i n i t e  o r i e n t a t i o n  r e l a t i o n s h i p  w i t h  th e  
a lum in ium  m a t r i x ^ .
N o n -c o h e re n t  p a r t i c l e s  m o s t ly  b e a r  no s im p le  o r i e n t a t i o n
r e l a t i o n s h i p  t o  th e  m a t r ix  and h a v e  a c o m p le te ly  d i f f e r e n t  s t r u c t u r e .
1 4 2O f te n ,  j u s t  im aging  th e  d i f f r a c t i o n  p a t t e r n  i s  d i f f i c u l t .  W heeler
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s u c c e s s f u l l y  o b t a i n e d  d i f f r a c t i o n  p a t t e r n s  from  a number o f  c o a r s e  
i n t e r m e t a l l i c  p h a s e s  in  com m erc ia l  a lu m in iu m  a l l o y s  and th e re b y  
i d e n t i f i e d  t h e  p a r t i c l e s .  Fo r  one such  p h a s e ,  Mg2 A l^ ,  s t r e a k i n g  was 
o b s e rv e d  i n  t h e  d i f f r a c t i o n  p a t t e r n  w h ic h ,  on v ie w in g  th e  c o r r e s p o n d in g  
m ic r o g ra p h ,  was a t t r i b u t e d  to  s t a c k i n g  f a u l t s  w i t h i n  th e  p r e c i p i t a t e  
i t s e l f .
T hus , s t r e a k i n g  e f f e c t s  i n  e l e c t r o n  d i f f r a c t i o n  p a t t e r n s  a r e  
w id e s p re a d .  I n  g e n e r a l ,  t h e  l e n g t h  o f  t h e  s t r e a k s  i s  i n v e r s l y  
p r o p o r t i o n a l  t o  th e  p r e c i p i t a t e  t h i c k n e s s .  However, i n t e r n a l  f a u l t i n g  
of th e  p r e c i p i t a t e  may l e a d  to  s t r e a k i n g ,  and t h e r e  i s  some dan g e r  in  
r e g a r d in g  s t r e a k s  a s  i n d i c a t i v e  o f  v e r y  f i n e  p r e c i p i t a t e s .
The v e r y  lo n g  s t r e a k i n g  o b s e r v e d  i n  F i g u r e s  3 .1 1 b  and 3 .12b  would 
be i n d i c a t i v e  o f  v e ry  t h i n  p r e c i p i t a t e s ,  much t h i n n e r  th a n  th e  
e s t i m a t e d  t h i c k n e s s  of ^3nm. T h is  s u g g e s t s  t h a t  t h e  p r e c i p i t a t e  
d e v e lo p s  a s e r i e s  o f  i n t e r c e l l u l a r  s t a c k i n g  f a u l t s  r a t h e r  th a n  a d o p t  
a c o m p le te ly  d i f f e r e n t  s t r u c t u r e .  F o r  e x am p le ,  a s e q u e n c e  such  as  
ABC/BCA/CAB/ABC would g iv e  a d i s t a n c e  o f  2 .8nm , w h ich  i s  s i m i l a r  to  
t h e  o b s e rv e d  p r e c i p i t a t e  t h i c k n e s s  o f  ^3nm. One such  s t a c k i n g  f a u l t  
i s  shown i n  F i g u r e  4 . 3 ,  where b l o c k  s p h e r e s  r e p r e s e n t  c o p p e r  atoms 
and w h i te  s p h e r e s  a lum in ium  a to m s .
The " a "  p a r a m e te r  of th e  u n i t  c e l l  o f  t h e  {111} p r e c i p i t a t e  i s  
in  c l o s e  a c c o r d  w i th  t h a t  g iv e n  by p r e v i o u s  w o rk e rs^  who
c o n c lu d e d  t h a t  t h e  phase  was m o n o c l in i c  w i th  a = b = 0 .486  nm,
c = 0 .8 4 8  nm and  y = 120°, r e f e r r i n g  t o  i t  a s  " m o d i f i e d  0 " ,  C u A ^ .
T h is  u n i t  c e l l  c o u ld  g iv e  c l o s e  m a tc h in g  a t  t h e  i n t e r f a c i a l  p l a n e ,  
s i m i l a r  to  t h a t  i l l u s t r a t e d  in  F i g u r e  4 . 1 ,  by m aking  th e  ’ a ’ and ’b ’ 
ax es  p a r a l l e l  t o  th e  h e x a g o n a l  a x e s , i e  t h e i r  u n i t  c e l l  c an  be r e g a rd e d  
a s  p s e u d o h ex a g o n a l  w i th  th e  ab p l a n e  e s s e n t i a l l y  o n e - t h i r d  o f  th e  
b a s e  of  hexagon  o f  t h e  new i n t e r p r e t a t i o n .  In  o r d e r  t o  p r o p e r l y  
in d ex  a d i f f r a c t i o n  p a t t e r n  such  a s  F i g u r e  3 .1 1 b  d o u b l e - d i f f r a c t i o n  
e f f e c t s  m ust b e  u s e d ,  where th e  d i f f r a c t e d  beams fro m  th e  a lum in ium  
l a t t i c e  a c t  a s  p r im a ry  beam s. T h u s ,  F i g u r e  3 .1 1 b  c o u ld  b e  indexed  on 
th e  b a s i s  t h a t  t h e  row of s p o t s  l a b e l l e d  £o£0 p ro d u c e d  by th e  d i r e c t  
beam and £1£10 by 111 and 111 beam s. U s ing  d o u b l e - d i f f r a c t i o n  p r i n c i p l e s  
i s  n o t  an  e n t i r e l y  a d e q u a te  i n t e r p r e t a t i o n  s i n c e  d o u b l e - d i f f r a c t i o n  
s p o t  i n t e n s i t y  w i l l  be  r e l a t e d  t o  t h e  i n t e n s i t y  o f  t h e  d i f f r a c t i o n  
beam w hich p ro d u c e s  them. Again  r e f e r r i n g  to  F i g u r e  3 .1 1 b ,  th e  h0hO 
row of  s p o t s  p ro d u ce d  by th e  p r im a ry  beam s h o u ld  be  s t r o n g e r  th an
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Figure  4 .3  A p i c t o r i a l  r e p r e s e n t a t i o n  o f  a s t a c k in g  f a u l t  in  the  ft 
p r e c i p i t a t e  .
d o u b l e - d i f f r a c t i o n  s p o t s  p ro d u ce d  by th e  much w eaker 111 beam s. As 
can be s e e n  t h i s  i s  c l e a r l y  n o t  th e  c a s e .
C o n s id e r in g  now th e  [112] zone a x i s  d i f f r a c t i o n  p a t t e r n  o f  
F ig u re  3 .1 2 b ,  a p rob lem  a r i s e s  a s  to  how to  a r r i v e  a t  a m o n o c l in ic  
in d e x in g  o f  d i f f r a c t i o n s  such  a s  h0h1 when t h e r e  i s  no d i f f r a c t e d  beam 
from  a lum in ium  which m igh t  p ro d u c e  them by d o u b le  d i f f r a c t i o n .  T h is  
would mean t h a t  t h e  f i n e  s t r u c t u r e  e f f e c t s  o b s e rv e d  in  t h e  d i f f r a c t i o n  
p a t t e r n s  would v i r t u a l l y  h a v e  t o  be  i g n o r e d .  However, t h i s  i s  n o t  
t o  im p ly  t h a t  d o u b l e - d i f f r a c t i o n  does  o c c u r ,  b u t  t h a t  when a m o n o c l in ic  
u n i t  c e l l  i s  assumed f o r  th e  p r e c i p i t a t e ,  d o u b l e - d i f f r a c t i o n  does n o t  
p r o v id e  a c o n s i s t e n t  means o f  a c c o u n t in g  f o r  a l l  t h e  s p o t s  i n  th e  
d i f f r a c t i o n  p a t t e r n s .  A l s o ,  d i f f r a c t i o n s  w ere  n o t  found  i n  any o f  th e  
d i f f r a c t i o n  p a t t e r n s  w hich  would  be a t t r i b u t e d  to  101 and 102 mono­
c l i n i c  c e l l  r e f l e c t i o n s
4 .4  P r e c i p i t a t e  M o rp h o lo g ie s
N u c l e a t io n  o f  ft p r e c i p i t a t e  in  Al-Cu-Mg-Ag a l l o y s  o c c u rs  
u n i f o r m l y  th ro u g h o u t  t h e  a lum in ium  l a t t i c e  a s  p l a t e l e t s  on {111} p l a n e s .  
S in c e  t h e  c r y s t a l  s t r u c t u r e  o f  ft re m a in s  unchanged  d u r in g  a g e in g ,  from  
n u c l e a t i o n  to  a f u l l y  o v e ra g e d  s t a t e ,  i t  i s  c o n te n d e d  t h a t  i t  i s  th e  
e q u i l i b r i u m  p h a se  in  t h e s e  a l l o y s .  F u r t h e r  s u p p o r t  f o r  t h i s  i s  
e v id e n c e d  by th e  f a c t  t h a t  p l a t e l e t s  o f  ft may a t t a i n  d i a m e te r s  in  e x c e s s  
o f  100 nm, w h i le  r e a c h in g  a l i m i t i n g  t h i c k n e s s  o f  ^  3 nm. I f  th e  
f a u l t i n g  h y p o t h e s i s  ( S e c t i o n  4 . 3 )  i s  c o r r e c t  th e n  t h i s  a l lo w s  a p e r f e c t  
m atch w i th  th e  a lum in ium  l a t t i c e  a lo n g  th e  d i r e c t i o n  o f  t h e  
p r e c i p i t a t e  n o rm a l ,  f u r t h e r  p ro m o t in g  th e  ft a s  th e  e q u i l i b r i u m  p h a s e .
I n  a d d i t i o n ,  0 1 p l a t e l e t s  w ere  form ed on {100} a lum in ium  m a t r ix
p l a n e s .  However, th e  amount o f  0 ’ p r e s e n t  was d e p e n d e n t  upon th e
c o n c e n t r a t i o n  o f  magnesium and s i l v e r  i n  t h e  a l l o y ,  a s  n o te d  p r e v i o u s l y  
114by T a y l o r  e t  a l  . F o r  e x a m p le ,  0* p r e c i p i t a t e  was v i r t u a l l y  a b s e n t  
in  a l l o y s  A3 (0.74wt%Mg,0.57wt%Ag) and A4 (0.65wt%Mg,0.61wt%Ag) i n  th e  
peak  h a r d n e s s  c o n d i t i o n ;  some was o b s e rv e d  i n  t h e  e a r l y  s t a g e s  o f  
a g e in g  i n  p a r a l l e l  w i th  ft b u t  t e n d e d  t o  d i s s o l v e  i n  f a v o u r  o f  ft g row th  
as  a g e in g  p r o g r e s s e d .  Even i n  a l l o y  A5 (0.23wt%Mg,0.50wt%Ag), th e  
volume f r a c t i o n  o f  0 1 was fo u n d  t o  d e c r e a s e  p r o g r e s s i v e l y  on f u r t h e r  
a g e in g  w h i l e  ft i n c r e a s e d  (See  F i g u r e  3 .2 3 b ) .  C l e a r l y ,  i t  would a p p e a r  
t h a t  ft i s  th e  more s t a b l e  p h a s e  i n  t h e s e  a l l o y s .
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109Auld and V i e tz  , w o rk ing  on a l l o y s  o f  s i m i l a r  c o m p o s i t io n  t o  
t h a t  o f  A5, h av e  r e p o r t e d  t h a t  t h e  ft p h ase  i s  s t a b l e  t o  a t  l e a s t  350°C , 
f u r t h e r  s u p p o r t i n g  th e  f a c t  t h a t  ft i s  th e  s t a b l e  e q u i l i b r i u m  p h ase  in  
a l l o y s  o f  t h i s  t y p e .
4 .5  N u c l e a t io n  and  Growth o f  P r e c i p i t a t e s
4 .5 .1  N u c le a t io n
C l a s s i c a l  n u c l e a t i o n  th e o r y  p r e d i c t s  t h a t  th e  change in  f r e e
e n e rg y ,  AG, when a new p h a s e  (8) o f  volume VQ, and  i n t e r f a c i a l  a r e a ,
p
A , form s i n  a  m a t r ix  ( a ) ,  i s  g iv e n  b y :
p
AG ' V Y Y V Y
where AG i s  t h e  f r e e  e n e rg y  change p e r  u n i t  vo lum e, y i s  th e  
s p e c i f i c  e n e rg y  o f  t h e  a - 8  i n t e r f a c e .  W ith s o l i d  sy s tem s  a s t r a i n  
e n e rg y  t e r m ,  AG^, m ust be  i n t r o d u c e d  due t o  th e  f o r m a t io n  o f  th e  new 
phase  i n  an  o t h e r w i s e  u n s t r a i n e d  m a t r i x ,  g i v i n g :
AG “ Y AGaB + V Y  + Y AGe
In  many p r e c i p i t a t i o n - a g e i n g  a l l o y s ,  m e t a s t a b l e  i n t e r m e d i a t e  p h a s e s  
may d e v e lo p  d u r in g  th e  a g e in g  s e q u e n c e ;  t h e i r  o c c u r r e n c e  i s  d e p e n d en t  
upon th e  r e l a t i v e  m a g n i tu d e  o f  t h e  i n t e r f a c i a l  e n e rg y  and s t r a i n  e n e rg y  
c o n t r i b u t i o n s  (Aey Q and V0 .AG r e s p e c t i v e l y  in  e q u a t i o n  ( 4 . 1 ) ) .
p u p p e
I t  can  be  se e n  t h a t  a r e d u c t i o n  i n  i n t e r f a c i a l  e n e r g y ,  y _, a n d /o rexp
e l a s t i c  s t r a i n  e n e rg y ,  AG^, w i l l  r e s u l t  in  a r e d u c t i o n  i n  th e  o v e r a l l  
f r e e  e n e rg y  o f  t h e  s y s te m , l e a d i n g  to  p r e f e r e n t i a l  p r e c i p i t a t i o n  o f  
th e  8 p h a s e .  F o r  exam p le ,  t h e  0" and 0 ’ p h a s e s  w hich  fo rm  on {100} 
p l a n e s  i n  Al-4wt%Cu a l l o y s  h a v e  d i f f e r i n g  d e g re e s  o f  i n t e r f a c e  c o h e re n c y  
and l a t t i c e  s t r a i n ^ .  H ence , t h e  h i g h l y  c o h e r e n t  0" p h a s e ,  which h a s  
low i n t e r f a c i a l  e n e rg y  and h ig h  s t r a i n ,  may d e v e lo p  f i r s t  p ro v id e d  
t h a t  GP zones  a r e  a v a i l a b l e  t o  a c t  a s  n u c l e a t i o n  s i t e s .  On th e  o t h e r  
hand  0 ’ i s  l e s s  c o h e r e n t  t h a n  0" and h a s  a  h i g h e r  e n e rg y  b a r r i e r  f o r  
fo rm a t io n  from  s u p e r s a t u r a t e d  s o l i d  s o l u t i o n  and t e n d s  t o  n u c l e a t e  
d i r e c t l y  o n to  h e l i c a l  d i s l o c a t i o n s  b e c a u s e  t h e s e  o f f e r  e n e r g e t i c a l l y  
more f a v o u r a b le  l a t t i c e  s i t e s  f o r  0 ’ .
No r e a l  e v id e n c e  f o r  GP zones  f o r m a t io n  o r  0" p r e c i p i t a t i o n  c o u ld  
be  found  in  t h e  Al-Cu-Mg-Ag a l l o y s  s t u d i e d  h e r e .  S i l c o c k ^  and H e a l ^ ^  
have  a l s o  o b s e rv e d  th e  a b s e n c e  o f  GP zones in  A l-Cu a l l o y s  c o n t a i n i n g  
a d d i t i o n s  o f  cadmium, ind ium  o r  t i n ;  t h i s  l e d  them t o  s u g g e s t  t h a t  such  
s o l u t e  a tom s may i n t e r a c t  s t r o n g l y  w i th  v a c a n c i e s  t h e r e b y  r e d u c in g
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v a c an c y  m o b i l i t y  and i n h i b i t i n g  fo rm a t io n  o f  v a c a n c y - r e l a t e d  n u c l e a t i o n  
s i t e s .  Both magnesium and s i l v e r  have  been  r e p o r t e d  a s  h a v in g  a 
r e l a t i v e l y  h ig h  v a c an c y  b in d in g  e n e rg y  compared w i th  c o p p e r  a to m s ,  
i n d i c a t i n g  t h a t  a s i m i l a r  s i t u a t i o n ,  i e  GP zone s u p p r e s s i o n ,  may 
a r i s e  i n  th e  Al-Cu-Mg-Ag s y s te m . T h is  h y p o t h e s i s  may a l s o  e x p l a i n  t h e  
l a c k  o f  d i s l o c a t i o n  lo o p s  and h e l i c a l  d i s l o c a t i o n s  in  th e  s o l u t i o n -  
t r e a t e d  m a t e r i a l ,  a s  w e l l  a s  a c c o u n t in g  f o r  th e  a b sen c e  o f  GP z o n e s .
The ft p h ase  fo rm s on {111} p l a n e s  o f  t h e  a lum inium  l a t t i c e ,  in  
c o n t r a s t  t o  9 ’ p r e c i p i t a t i o n .  The c lo s e - p a c k e d  {111} m a t r ix  p l a n e s  
w o u ld ,  how ever ,  a p p e a r  t o  be  c r y s t a l l o g r a p h i c a l l y  more f a v o u r a b le  th a n  
o t h e r  l a t t i c e  p l a n e s .  I n d e e d ,  s e v e r a l  a lum in ium  a l l o y  sy s tem s  show 
p r e c i p i t a t i o n  on {111} p l a n e s ,  eg Al-Ag (y p h a se )  and Al-Zn-Mg (n p h a se )  
and t h e r e f o r e  such a h a b i t  p l a n e  i n  th e  Al-Cu-Mg-Ag a l l o y s  i s ,  p e r h a p s ,  
n o t  s u r p r i s i n g .  T here  i s  a l s o  a h ig h  d e g re e  o f  c o h e re n c y  be tw een  th e  
m a t r i x  and ft which i m p l i e s  a low i n t e r f a c i a l  e n e rg y  c o n t r i b u t i o n ,
Aft.y^ft, to  e q u a t io n  4 . 1 .  T h is  would p rom o te  n u c l e a t i o n  o f  ft i n  
p r e f e r e n c e  to  0 ’ w hich  h a s  a  h i g h e r  i n t e r f a c i a l  e n e rg y .  C oherency  o f  
ft i s  m a in ta in e d  d u r in g  p a r t i c l e  grow th  by i n c o r p o r a t i n g  s t a c k i n g  f a u l t s
w i t h i n  t h e  p r e c i p i t a t e  s t r u c t u r e  and a l s o  by a d o p t in g  a p l a t e - l i k e
144 . . . .h a b i t .  M abarro s u g g e s t s  t h a t  t h e  s t r a i n  e n e rg y  i s  a minimum when
p r e c i p i t a t i o n  o c c u r s  i n  t h e  fo rm  o f  a t h i n  s h e e t .  T h e r e f o r e ,  i t  i s
r e a s o n a b le  t o  assume t h a t  s i n c e  c o h e re n c y  i s  m a in ta in e d  th e n  t h e r e  w i l l
be l i t t l e  s i g n i f i c a n t  i n c r e a s e  i n  th e  s t r a i n  e n e rg y  te rm ,  V^AG^.
C e r t a i n l y ,  s in c e  ft r e p r e s e n t s  th e  e q u i l i b r i u m  p h a s e ,  th e  e x t e n t  o f  th e
s t r a i n  e n e rg y  c o n t r i b u t i o n  d u r in g  g row th  would a p p e a r  n e v e r  to  r e a c h
a l e v e l  s u f f i c i e n t  t o  c a u s e  l o s s  o f  c o h e re n c y  and th e  n e c e s s a r y  change
i n  c r y s t a l  s t r u c t u r e  w h ich  would f o l l o w .
P r e c i p i t a t i o n  o f  ft p h a s e  i n  t h e s e  a l l o y s  a p p e a r s  t o  be s e n s i t i v e
t o  sm a l l  a d d i t i o n s  o f  s i l v e r  and m agnesium . T h e r e f o r e ,  i t  i s  w o r th
c o n s i d e r i n g  th e  e f f e c t  t h a t  t h e s e  and o t h e r  a l l o y  a d d i t i o n s  h av e  on
th e  s t a c k i n g - f a u l t  e n e rg y  o f  a lum in ium . Aluminium h a s  a r e l a t i v e l y  
-2h ig h  v a l u e ,  0 .15Jm  , f o r  t h e  s t a c k i n g - f a u l t  e n e rg y  when m  t h e  p u re
s t a t e .  T h is  v a lu e  w i l l  b e  re d u c e d  by th e  a d d i t i o n  o f  s o l u t e  a to m s ,  
th e  m ost s o lu b l e  e le m e n ts  p ro d u c in g  th e  g r e a t e s t  e f f e c t .  S o l u b i l i t y  
i n  a lum in ium  i s  l i m i t e d ,  a t  200°C th e  m ost s o l u b l e  e le m e n ts  a r e  z in c  
(5 0 a t% ) , magnesium ( 4 .4 a t % ) ,  l i t h i u m  ( 3 .2 a t % ) ,  s i l v e r  (0 .2 a t% )  and 
germanium (^0 .2w t% ), a l l  o t h e r  e le m e n ts  h a v in g  s o l u b i l i t i e s  l e s s  th a n  
^  0 .05a t%  a t  t h i s  t e m p e r a t u r e .  T h ree  o f  t h e  m ost s o lu b l e  e le m e n ts
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(m agnesium , s i l v e r  and z in c )  a r e  t h u s  p r e s e n t  in  th e  a l l o y s  s t u d i e d .
Such a d d i t i o n s  w i l l  r e d u c e  th e  s t a c k i n g  f a u l t  ene rgy  o f  a lu m in iu m , and 
i t  i s  t h e r e f o r e  s u g g e s t e d  t h a t  t h e  a d d i t i o n  o f  magnesium, s i l v e r  and 
z in c  re d u c e  th e  s t a c k i n g - f a u l t  e n e rg y  o f  a lum in ium  in  t h e s e  a l l o y s .
T h i s  r e d u c t i o n  i s  s u f f i c i e n t  to  a l l o w  s t a c k i n g  f a u l t s  to  fo rm  r e a d i l y  
and  th u s  g iv e  s i t e s  f o r  n u c l e a t i o n  o f  ft.
C l e a r l y ,  t h e  amount needed  f o r  ft p h ase  p r e c i p i t a t i o n  i s  f a i r l y
c r i t i c a l .  Too h i g h  a magnesium l e v e l  c o u ld  l e a d  to  t h e  f o r m a t i o n  o f
93t h e  m a g n e s iu m -c o n ta in in g  i n t e r m e t a l l i c  p h a s e s  such as  S ’ p h a s e  ,
99A^CuM g, and t h e  T -p h a se  , a s  fo u n d  i n  Al-Cu-Mg and Al-Cu-Mg-Ag
a l l o y s  r e s p e c t i v e l y  when th e  m agnesium  c o n t e n t  > 1wt%. On th e  o t h e r
h a n d ,  i f  t h e  m agnesium  c o n te n t  i s  to o  low th e n  p r e c i p i t a t i o n  o f  0 '
139w i l l  p r e d o m in a te .  I n d e e d ,  Sm ith  and  S c o t t  , working on a l l o y s  o f  
s i m i l a r  c o p p e r  c o n t e n t  t o  th o s e  s t u d i e d  h e r e  have  shown t h a t  i n  a l l o y s  
w i t h  a magnesium c o n t e n t  o f  ^  0.25wt% and a s i l v e r  c o n te n t  c l o s e  t o  
t h a t  o f  a l l o y s  s t u d i e d  h e r e  (0 .5wt% ) th e  p red o m in an t  p r e c i p i t a t i o n  
m orphology  i s  t h a t  o f  0* , w i th  a b o u t  30% p r e c i p i t a t i o n  on {111} 
a lum in ium  m a t r i x  p l a n e s .  A l lo y  A5, c o n t a i n i n g  'v 0.6wt% s i l v e r  and 
0 .3  wt% m agnesium , showed s i m i l a r  dua l-m ode  p r e c i p i t a t i o n  b e h a v io u r  
b u t  w i th  much more ft p r e c i p i t a t e  80%) th a n  0 ’ p r e c i p i t a t e .  A lth o u g h  
a l l o y  A5 a l s o  had  an a d d i t i o n  o f  ^  1.13% z i n c ,  th e  i n c r e a s e  in  
magnesium c o n t e n t  a p p e a r s  t o  h av e  b e e n  th e  m ost c r i t i c a l .  T h is  i s  
f u r t h e r  h i g h l i g h t e d  by a c o m p a r iso n  o f  a l l o y s  A4 and A5 w hich  h a v e  
e s s e n t i a l l y  t h e  same s i l v e r  and z i n c  c o n t e n t s ,  b u t  where b o th  ft and  
0 p r e c i p i t a t i o n  o c c u r s  i n  a l l o y  A 5, 0 1 p r e c i p i t a t i o n  h a s  b e e n  v i r t u a l l y  
s u r p r e s s e d ,  p r e s u m a b ly  by an i n c r e a s e  i n  magnesium c o n t e n t .
An a l t e r n a t i v e  p r o p o s a l  f o r  t h e  n u c l e a t i o n  o f  ft h a s  been  p u t  
114fo rw a rd  by T a y lo r  e t  a l  . They p ro p o s e d  t h a t  sm a ll  Mg^Ag com plexes  
w ere  form ed i n  t h e  i n i t i a l  s t a g e s  o f  a g e in g  and t h a t  t h e s e  a c t e d  a s  
n u c l e a t i o n  c e n t r e s  f o r  t h e  g row th  o f  ft. I t  was a g re e d  t h a t  s i n c e  
Mg^Ag n u c l e a t e d  on {111} p l a n e s  du e  t o  e p i t a x i a l  c o n s t r a i n t s ,  t h e n  th e  
co p p e r  r i c h  p h a s e  t h e n  f o l lo w e d  t h i s  p a t t e r n  o f  g ro w th . They s u g g e s t e d ,  
a l s o ,  t h a t  th e  f o r m a t i o n  o f  ft r a t h e r  th a n  { 1 0 0 } - ty p e  p r e c i p i t a t e s  
was s e n s i t i v e  t o  p r e s e n c e  t o g e t h e r  o f  s i l v e r  and magnesium, p r e f e r a b l y  
w i t h  an  a to m ic  r a t i o  o f  a t  l e a s t  1 : 3 .  W h i l s t  th e  r e s u l t s  h e r e  would 
s u g g e s t  a  q u a l i t a t i v e  a g reem en t  w i t h  t h i s  h y p o t h e s i s  in  t h a t  m agnesium 
and s i l v e r  s h o u ld  be  p r e s e n t  i n  am oun ts  i n  e x c e s s  o f  ^  0 . 6 wt% i f  
p r e c i p i t a t i o n  on { 1 0 0 } m a t r ix  p l a n e s  i s  t o  be  s u p p re s s e d ,  t h e  e l e c t r o n  
d i f f r a c t i o n  d a t a  do n o t  show th e  p r e s e n c e  o f  any z o n e s /c o m p le x e s  on
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{111} a lum in ium  m a t r i x  p l a n e s  p r i o r  to  n u c l e a t i o n  o f  ft. F u r th e r m o r e ,  
th e  Mg^Ag h y p o t h e s i s  does n o t  e x p l a i n  why th e  c o p p e r - r i c h  p r e c i p i t a t e  
w i th  a c o m p o s i t io n  o f ,  o r  c l o s e  t o ,  CuAl^* s h o u ld  n o t  r e v e r t  to  th e
{100} form  c h a r a c t e r i s t i c  o f  th e  b i n a r y  A l-Cu s y s te m . A l s o ,  a l th o u g h
t h e  p r i o r - f o r m a t i o n  o f  Mg^Ag com plexes  i s  c e r t a i n l y  an  a t t r a c t i v e  
h y p o t h e s i s  f o r  ft n u c l e a t i o n ,  i t  does n o t  e x p l a i n  th e  s e c o n d a ry  e f f e c t s  
p ro d u ce d  by an a d d i t i o n  o f  z in c  w hich a p p e a r s  to  r e f i n e  t h e  ft phase  
and p rom ote  i t s  f o r m a t i o n .
4 . 5 . 2  Growth o f  P r e c i p i t a t e s
The g row th  o f  p r e c i p i t a t e s  in  th e  t h r e e  a l l o y s  s t u d i e d  h e r e
f o l l o w  th e  p r i n c i p l e s  o f  O stw ald  r i p e n i n g ,  w hereby  th e  s m a l l  p r e c i ­
p i t a t e s  d i s s o l v e  i n  th e  m a t r ix  and th e  l a r g e r  p r e c i p i t a t e s  grow, as  
a g e in g  p r o c e e d s .  Such c o a r s e n in g  o f  p r e c i p i t a t e s  d e r i v e s  i t s  d r i v i n g  
f o r c e  from  th e  c o n s e q u e n t i a l  r e d u c t i o n  i n  t h e  t o t a l  i n t e r f a c i a l  ene rgy  
o f  t h e  sy s te m . A lth o u g h  0* p r e c i p i t a t e s  i n i t i a l l y  form  a l o n g s i d e  th e  
ft p h a s e ,  t h e  f a c t  t h a t  th e y  d i s s o l v e  in  p r e f e r e n c e  t o  ft on a g e in g  t h a t  
i s  c o n s i s t e n t  w i th  them h a v in g  th e  h i g h e r  s p e c i f i c  s u r f a c e  e n e rg y .
S in c e  i t  i s  s u g g e s t e d  0 ’ p h a se  h a s  a h i g h e r  s t r a i n  e n e rg y  th a n  ft, th e n  
i t  i s  l i k e l y  t h a t  some c o n t r i b u t i o n  t o  th e  d r i v i n g  f o r c e  f o r  c o a r s e n in g  
may be  p ro v id e d  by a r e d u c t i o n  i n  t h e  o v e r a l l  s t r a i n  e n e rg y  o f  th e  
sy s te m , i e  th e  d i s s o l u t i o n  o f  0 ’ .
I n  o r d e r  t o  a s c e r t a i n  t h e  r a t e - c o n t r o l l i n g  p r o c e s s  f o r  grow th
i n  t h e s e  a l l o y s  i t  i s  w orth  c o n s i d e r i n g  th e  v a r i o u s  t h e o r e t i c a l  t r e a t -
29 30m en ts  o f  p a r t i c l e  g ro w th .  L i f s h i t z  and S ly o z o v  , and Wagner have
e s t a b l i s h e d ,  i n d e p e n d e n t l y ,  t h a t  d i f f u s i o n  c o n t r o l l e d  g ro w th  f o l lo w s
3 28an  R v e r s u s  t  r e l a t i o n s h i p .  Expanding  t h e s e  t h e o r i e s  Greenwood
h a s  shown t h a t  t h e  mean r a d i u s  r ,  o f  a s p h e r i c a l  p a r t i c l e  u n d e r  such
c o n d i t i o n s  c an  be  e x p re s s e d  a s :
-3  8 DSyftt ( 4 .2 )
9kT
w here D i s  th e  d i f f u s i o n  c o e f f i c i e n t ,  S i s  t h e  s o l u b i l i t y  o f  a  p a r t i c l e  
o f  i n f i n i t e  r a d i u s ,  ft i s  th e  a to m ic  volume o f  atom s in  t h e  p a r t i c l e ,  
y i s  t h e  i n t e r f a c i a l  e n e rg y  and t  i s  t im e .  S i m i l a r l y ,  f o r  i n t e r f a c e -  
c o n t r o l l e d  g row th  Greenwood h a s  shown t h a t  t h e  mean r a d i u s  c a n  be 
e x p re s s e d  a s :
-2  64CSyftt
r  *  8 kT ( 4 -3)
where c i s  a  c o n s t a n t .
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A lth o u g h  th e  p a r t i c l e s  o b s e rv e d  in  th e  Al-Cu-Mg-Ag a l l o y s  s tu d i e d
h e r e  a r e  n o t  s p h e r i c a l ,  an  i n d i c a t i o n  o f  th e  r a t e - c o n t r o l l i n g  p r o c e s s
can  be e s t a b l i s h e d  i f  th e  l o g a r i t h m  o f  t h e  mean p r e c i p i t a t e  d i a m e te r ,
d ,  i s  p l o t t e d  a s  a f u n c t i o n  o f  l o g a r i t h m i c  t im e ,  t .  T h is  i s  shown
in  F ig u r e  A.  A,  f o r  ft p r e c i p i t a t i o n  a t  1A0°C in  a l l o y  a l l o y s .  ( P o i n t s
c o r r e s p o n d in g  t o  th e  e a r l i e s t  s t a g e s  o f  a g e in g  have b e e n  ig n o r e d  due
t o  th e  f a c t  t h a t  n u c l e a t i o n  was s t i l l  o c c u r r i n g ) .  I n  F i g u r e  A. A th e
p o i n t s  a r e  s e e n  t o  l i e  on a s e r i e s  o f  s t r a i g h t  l i n e s ,  one f o r  each
c o m p o s i t io n  and  each  w i th  a  s lo p e  c l o s e  t o  -7 . The r e s u l t s ,  t h e r e f o r e ,
. -3a c c o rd  c l o s e l y  w i th  a  c u b e - la w  r e l a t i o n s h i p ,  d = c o n s t  * t ,  and a r e  
c o n s i s t e n t  w i th  d i f f u s i o n - c o n t r o l l e d  g ro w th .  A lloy  c o m p o s i t io n  may 
be  a f f e c t i n g  t h e  r a t e  o f  g row th  a s  e v id e n c e d  by th e  s l i g h t l y  d i s p l a c e d  
l i n e s ,  one f o r  e a ch  c o m p o s i t i o n .  F u r t h e r ,  s i n c e  s i l v e r  c o n t e n t s  do n o t  
d i f f e r  a p p r e c i a b l y  and z in c  i s  v i r t u a l l y  a b s e n t  in  a l l o y  A3 compared 
w i th  more th a n  1wt% i n  AA and A5, i t  i s  f e a s i b l e  t h a t  g ro w th  r a t e s  a r e  
m ost s e n s i t i v e l y  a f f e c t e d  by th e  l e v e l  o f  magnesium.
S in c e  t h e  ft p r e c i p i t a t e s  a r e  n o t  s p h e r i c a l  a n o th e r  way t o  a n a ly s e  
t h e  g row th  p r o c e s s  i s  t o  lo o k  a t  t h e  way th e  volume and s u r f a c e  a r e a  
o f  th e  p r e c i p i t a t e s  behave  a s  a  f u n c t i o n  o f  ag e in g  t im e .  R e f e r r i n g  to
e q u a t i o n s  A . 2 and A . 3 ,  a t  c o n s t a n t  t e m p e r a tu r e  th e s e  e q u a t i o n s  may
dV , dA . _ _be  w r i t t e n  a s  —  = c o n s t a n t  and -r-r = c o n s t a n t  r e s p e c t i v e l y  f o ra t  a t
d i f f u s i o n -  and i n t e r f a c e - c o n t r o l l e d  g ro w th .  Thus, by p l o t t i n g  b o th  
mean volum e, V, and  mean s u r f a c e  a r e a ,  A, a s  a f u n c t i o n  o f  t im e  i t  i s  
p o s s i b l e  to  a s c e r t a i n  th e  r a t e - c o n t r o l l i n g  p r o c e s s .  F i g u r e  A . 5 a - c  
show th e  v a r i a t i o n  in  mean p r e c i p i t a t e  vo lum e, edge s u r f a c e  a r e a ,  and 
t o t a l  s u r f a c e  a r e a  r e s p e c t i v e l y .  F o r  i n t e r f a c e - c o n t r o l l e d  g row th  
e i t h e r  F ig u r e  A . 5b o r  c s h o u ld  p ro d u c e  p o i n t s  l y in g  on a s e r i e s  o f  
s t r a i g h t  l i n e s ,  one f o r  each  a l l o y .  C o n s id e r in g  f i r s t  t h e  a c t i v e  
g row ing  edge o f  t h e  p r e c i p i t a t e s ,  F i g u r e  A . 5b , th e  p o i n t s  c a n  be  seem 
t o  l i e  on a s e r i e s  o f  c u r v e s .  T h is  w ould  te n d  to  r u l e  o u t  i n t e r f a c e -  
c o n t r o l l e d  g row th  a  f a v o u r  o f  d i f f u s i o n  c o n t r o l .  I n d e e d ,  i f  t h e  p l a n a r  
s u r f a c e s  were i n c l u d e d  in  t h e  s u r f a c e  a r e a  p l o t s ,  F i g u r e  A .5 c ,  t h e  
c o n c lu s i o n  re m a in s  t h e  same due t o  t h e  f a c t  t h a t ,  a l t h o u g h  h a v in g  a  
l a r g e  a r e a  compared w i th  th e  n a r r o w  c y l i n d r i c a l  edge o f  a  p r e c i p i t a t e ,  
t h e i r  s low  g row th  r a t e  means t h a t  t h e i r  r a t e  i s  much l e s s  s i g n i f i c a n t .  
F i g u r e  A . 5a , h o w e v e r ,  shows t h a t  by p l o t t i n g  mean p r e c i p i t a t e  volum e 
a s  a  f u n c t i o n  o f  t im e ,  th e  p o i n t s  l i e  on a s e r i e s  o f  s t r a i g h t  l i n e s ,  
one f o r  each  a l l o y ,  c o n f i r m in g  t h a t  d i f f u s i o n  o f  s o l u t e  th ro u g h  th e  
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Figure 4.4 Log plot of mean diameter versus time for _n. precipitate .
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F ig u re  A .5 P r e c i p i t a t e  p a r a m e te r s  p l o t t e d  a s  a f u n c t io n  o f  a g e in g  
tim e a t  140°C f o r  th e  ft p r e c i p i t a t e ;
(a) mean volume , (b )  mean edge s u r f a c e  a r e a  , (c )  mean 
t o t a l  s u r f a c e  a r e a .
T u rn in g  to  th e  r a t e - c o n t r o l l i n g  p ro c e s s  f o r  0 f p r e c i p i t a t e ,  
a n a l y s i s  i s  made r a t h e r  more d i f f i c u l t  due to  t h e i r  lo w e r  p o p u l a t i o n  
and r e l a t i v e  r a p i d  d i s s o l u t i o n  i n  t h e s e  a l l o y s  p l o t s  o f  mean 
p r e c i p i t a t e  volume and edge s u r f a c e  a r e a  a r e  i l l u s t r a t e d  i n  F i g u r e s  
4 .6 a  and b r e s p e c t i v e l y .  T h e re  i s  l i t t l e  to  c hoose  b e tw e en  th e  
g ra p h s  f o r  d e c id i n g  w h e th e r  th e  g row th  o f  {100} p r e c i p i t a t e  i s  
d i f f u s i o n  o r  i n t e r f a c e  c o n t r o l l e d .  However, t h e r e  would  a p p e a r  to  be 
no c l e a r - c u t  e v id e n c e  t o  s u g g e s t  t h a t  i t  d i f f e r s  f rom  th e  ft g row th  
m echanism .
The L i f s h i t z - W a g n e r  t h e o r y  o f  p a r t i c l e  c o a r s e n i n g  p r e d i c t s  a
t h e o r e t i c a l  d i s t r i b u t i o n  o f  p a r t i c l e  s i z e s .  F o r  d i f f u s i o n - c o n t r o l l e d
grow th  th e  p a r t i c l e  s i z e  d i s t r i b u t i o n  i s  a s y m m e t r i c a l ,  w i th  a s t e e p e r
s lo p e  on th e  s i d e  o f  l a r g e r - s i z e d  p a r t i c l e s  w i th  a  c u t - o f f  a t  one and
a h a l f  t im e s  t h e  mean p r e c i p i t a t e  s i z e .  The i d e a l  s p h e r i c a l l y - s h a p e d
p a r t i c l e  does  n o t  u s u a l l y  o c c u r  i n  p r a c t i c a l  sy s te m s  and many
e x p e r im e n ta l  o b s e r v a t i o n s  show d e p a r t u r e s  from  th e  t h e o r e t i c a l
d i s t r i b u t i o n .  O th e r  f a c t o r s  such  a s  volume f r a c t i o n  and  p a r t i c l e  
145-7im pingem ent h a v e  a l s o  b e e n  shown to  a f f e c t  th e  fo rm  o f  th e
d i s t r i b u t i o n  and th e  c u t - o f f  v a l u e .  T h is  h a s  b e e n  d e m o n s t r a te d  in  
148Al-Cu a l l o y s  w here t h e  p a r t i c l e  s h a p e ,  a t h i n  p l a t e l e t ,  i s  f a r  from  
s p h e r i c a l  and may a c c o u n t  a l s o  f o r  t h e  o p p o s i t e ly - s k e w e d  d i s t r i b u t i o n s  
found i n  Al-Cu-Mg-Ag a l l o y s  a s  w e l l  a s  c u t - o f f  a t  a p p r o x im a te ly  tw ic e  
t h e  mean p a r t i c l e  s i z e  (S ee  F i g u r e s  3 .2 1 ,  3 .2 7  and 3 . 2 9 ) .
Growth d a t a  f o r  a l l o y  A5 a t  140°C, 155°C and 170°C a r e  p l o t t e d  
i n  F ig u r e  4 . 7 .  (D a ta  a t  155°C was s u p p l i e d  by Mr R L Trumper a t  ARE, 
P o r t l a n d ) . The s lo p e  o f  each  l i n e  i s  p l o t t e d  l o g a r i t h m i c a l l y  a g a i n s t  
r e c i p r o c a l  t e m p e r a t u r e  i n  F i g u r e  4 . 8 .  The l i n e  drawn th ro u g h  th e  
p o i n t s  i n d i c a t e s  t h a t  th e  a c t i v a t i o n  en e rg y  f o r  d i f f u s i o n  i s  
136kJmol \  a  v a lu e  w hich  com pares  f a v o u r a b ly  w i th  a  r e p o r t e d  v a lu e  
o f  ^  128kJmol  ^ f o r  t h e  d i f f u s i o n  o f  co p p e r  th ro u g h  a lu m in iu m  of 
somewhat h i g h e r  t e m p e r a t u r e s .
4 .6  S t r e n g t h e n in g  M echanisms
The d a t a  f o r  th e  h a r d n e s s ,  y i e l d  s t r e s s  and t e n s i l e  s t r e n g t h  o f  
s o l u t i o n - t r e a t e d  m a t e r i a l s  a r e  c o n s i s t e n t  w i th  t h e r e  b e in g  some
43d e g re e  o f  s o l i d  s o l u t i o n  h a r d e n i n g  upon q u e n c h in g .  M ott and N a b a rro  
have  shown t h a t  t h e  h a r d e n in g  due t o  s o l i d  s o l u t i o n  a l l o y i n g  may be  
r e l a t e d  t o  t h e  a to m ic  c o n c e n t r a t i o n  o f  s o l u t e  ( c )  and th e  a to m ic  
m ism atch  (e )  a c c o r d in g  t o :
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. 6  P r e c i p i t a t e  p a r a m e te r s  p l o t t e d  a s  a f u n c t io n  o f  a g e in g
time a t  1A0°C f o r  t h e  ©' p r e c i p i t a t e ;
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Figure 4.8 Arrhenius plot of precipitate growth data
A t  = 2Gec ( 4 .4  )
w here  t  i s  th e  y i e l d  s t r e s s  and G i s  th e  s h e a r  modulus o f  th e  m a t r i x .  
T a b le  4 .1  g i v e s  th e  p r e d i c t e d  y i e l d  s t r e s s  in c re m e n ts  due to  th e  
a l l o y i n g  a d d i t i o n s  Cu, Mg, Ag and Zn f o r  a l l  a l l o y s  s t u d i e d .  As an 
e x a m p le ,  A l lo y  A4 which h a s  an  a d d i t i o n  o f  4 .7 2 w t% c o p p e r  (c = 0 .0 2 1 )
i s  p r e d i c t e d  t o  g iv e  a y i e l d  s t r e s s  in c re m e n t  o f  ^  140 MPa due to  
s o l i d  s o l u t i o n  h a r d e n i n g .  S i m i l a r l y ,  1.13wt% z in c  may g i v e  T'v 19 MPa 
w h i l s t  0.65wt% magnesium may g i v e  t 'v 40 MPa. S i l v e r  g i v e s  a n e g l i g i b l e  
i n c r e a s e  in  y i e l d  s t r e n g t h  due t o  i t s  sm a l l  a tom ic  m ism a tc h .  However, 
t h e  n e t t  e f f e c t  o f  such a l l o y i n g  a d d i t i o n s  i s  d i f f i c u l t  t o  a s c e r t a i n  
b e c a u s e  t h e  r a d i u s  o f  a  c o p p e r  a tom  and a z in c  atom a r e  s m a l l e r
o o o
(2 .555A  and 2.66A r e s p e c t i v e l y )  and  magnesium l a r g e r  (3 .196A ) th a nO
an  a lu m in iu m  atom  (2 .8 6 2 A ) .  T h e r e f o r e ,  some c o m p e n sa t io n  e f f e c t  m ig h t  
be  e x p e c te d  i f  l a r g e r  a tom s w ere  t o  a s s o c i a t e  w i th  s m a l l e r  a tom s.
S t i l l ,  t h e  m easu red  y i e l d  s t r e s s e s  o f  th e  s o l u t i o n - t r e a t e d  a l l o y s  
(1 1 0 -1 3 0  MPa) i s  c l o s e  t o  w hat m ig h t  be  e x p e c te d  from  th e  above 
e x a m in a t io n .
The y i e l d  s t r e s s e s  o f  a l l o y s  aged to  peak  h a r d n e s s  were in  t h e  
ra n g e  ^  400-475 MPa, d e p e n d in g  on a l l o y  c o m p o s i t io n  and a g e in g  
t e m p e r a t u r e ,  a l t h o u g h  th e  e f f e c t  o f  t e m p e ra tu re  was l e s s  th a n  f o r  
a l l o y  c o m p o s i t i o n .  The r e s u l t s  h a v e  been  summarised in  T a b le  3 . 2 ,  b u t  
t h e  g e n e r a l  c o n c lu s i o n  t o  be  draw n from  th e  d a t a  i s  t h a t  a  s t r u c t u r e  
c o n t a i n i n g  v i r t u a l l y  a l l  ft p r e c i p i t a t e  ( a l l o y s  A3 and A4) g iv e s  h i g h e r
s t r e n g t h s  th a n  t h a t  i n  w hich a  s i g n i f i c a n t  amount o f  0 '  i s  p r e s e n t  ( a l l o y
139 . .A5) . I n  a  p r e v i o u s  s tu d y  on t h e  Al-4.8wt%  c o p p e r  sy s tem  a d d i t i o n s
o f  0.27wt% magnesium and 0.44wt% s i l v e r  were found t o  g iv e  p ro o f  
s t r e s s e s  o f  360 and 375 MPa a f t e r  a g e in g  to  peak  h a r d n e s s  a t  140°C and 
170°C r e s p e c t i v e l y  and t e n s i l e  s t r e n g t h s  o f  365 MPa and 380 MPa. T h is  
a l l o y  (A l-4 .92C u-0 .27M g-0 .31A g)  i s  s i m i l a r  i n  c o m p o s i t io n  t o  a l l o y  
A5 s t u d i e d  h e r e  and a l s o  c o n t a i n e d  a m ix tu re  o f  ft and 0 ? p r e c i p i t a t i o n ,  
w i t h  a p p r o x im a te ly  30% o f  t h e  ft p r e c i p i t a t e .  T h is  e a r l i e r  s tu d y  a l s o  
showed t h a t  a l l o y s  c o n t a i n i n g  e n t i r e l y  0* p h a se  had  lo w er  s t r e n g t h ,  
f o r  exam ple  an  a l l o y  c o n t a i n i n g  0.24wt% magnesium and <0.01wt% s i l v e r  
had  a p r o o f  s t r e s s  o f  ^  300 MPa and  a t e n s i l e  s t r e n g t h  o f  ^  350 MPa.
T ak ing  t h e s e  o b s e r v a t i o n s  t o g e t h e r ,  t h e  i n d i c a t i o n  i s  t h a t  ft 
p r e c i p i t a t e s  h a v e  a g r e a t e r  s t r e n g t h e n i n g  e f f e c t  th a n  t h a t  o f  0 ’ 
p r e c i p i t a t e s .  However, b e f o r e  su c h  d i f f e r e n c e s  can  be e x p la in e d  i t  
i s  n e c e s s a r y  to  e s t a b l i s h  t h e  o p e r a t i v e  s t r e n g t h e n i n g  m echanism . I n
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T a b le  4 .1
I n c r e a s e  in  y i e l d  s t r e s s  , A t , due t o  s o l i d  s o l u t i o n  h a r d e n in g  a c c o r d in g
t o  M ott  and N a b a r ro .
A lloy E lem en t c e Ar(MPa)
A3 Cu 0 .0204 0 .1 2 135
Mg 0 .0085 - 0 . 1 0 46
Ag 0.0015 0 .01 0 .8
Zn 0.0001 0 .0 7 0 .4
A4 Cu 0.0210 0 .1 2 139
Mg 0 .0075 - 0 .1 0 41
Ag 0 .0016 0 .0 1 0 .9
Zn 0 .0048 0 .0 7 19
A5 Cu 0 .0212 0 .1 2 140
Mg 0 .0027 - 0 .1 0 15
Ag 0 .0013 0 .01 0 .7
Zn 0 .0053 0 .0 7 20
t h i s  r e s p e c t ,  t h e r e  a r e  two im p o r ta n t  p i e c e s  o f  m i c r o s t r u c t u r a l  
i n f o r m a t i o n  r e c o r d e d  in  t h i s  s tu d y  w hich may be u t i l i s e d .  F i r s t l y ,  
t h e  num ber o f  p r e c i p i t a t e s  p e r  u n i t  volume (N^) w ere  found  to  be 
d e c r e a s i n g  a s  t h e  h a r d n e s s  peaks  were a p p ro a c h e d .  T h is  i s  i l l u s t r a t e d  
i n  F i g u r e  5 . 9 ,  w here  i s  p l o t t e d  a s  a  f u n c t i o n  o f  t im e  a t  140°C 
f o r  t h e  ft p r e c i p i t a t e .  I t  can be seen  t h a t  maximum v a lu e s  of 
o c c u r r e d  a f t e r  ^  17h f o r  a l l o y  A5 and a f t e r  ^  3 -4h  f o r  a l l o y  A3 and 
A4, w h e re a s  t h e  r e s p e c t i v e  peak  h a r d n e s s e s  w ere  n o t  r e a c h e d  u n t i l  
t im e s  o f  ^  120h (A5) and 'v* 48h (A3 and A4) . S e c o n d ly ,  th e  volume 
f r a c t i o n  o f  p r e c i p i t a t e  ( f )  p r o g r e s s i v e l y  i n c r e a s e d  w i th  a g e in g  tim e 
t o  g i v e  t o t a l  v a l u e s  % 0 .0 6  a s  i l l u s t r a t e d  i n  F i g u r e  4 .1 0  f o r  th e  
{111} p r e c i p i t a t e  m orpho logy .
46 , . .A c c o rd in g  to  th e  Orowan model o f  p a r t i c l e  s t r e n t h e n m g  th e  y i e l d
s t r e s s ,  t , i s  r e l a t e d  t o  p a r t i c l e  s p a c i n g ,  X, such  t h a t :
t  = S .  (4 .5)
w here  G i s  t h e  s h e a r  modulus and b i s  t h e  B u rg e rs  v e c t o r .  T ab le  4 .2  
l i s t s  v a r i o u s  p a r a m e te r s  r e l a t i n g  t o  i n t e r p a r t i c l e  s p a c in g  and volume 
f r a c t i o n  o f  p r e c i p i t a t e .  From t h i s  t a b l e  i t  c an  be s e e n  t h a t  th e
1 4 .i n t e r p a r t i c l e  s p a c in g  X^  = —  i s  g r e a t e r  a t  t h e  r e c o rd e d
p eak  h a r d n e s s  f o r  each  a l l o y  a t  1^0°C. T h is  c l e a r l y  d e m o n s t ra te s  t h a t  
t h e  i n c r e a s e  i n  s t r e n g t h  o f  t h e  a l l o y  a s  t h e  peak  h a r d n e s s  i s  re a c h e d  
i s  n o t  a t t r i b u t a b l e  to  a  mechanism b a s e d  upon  d i s l o c a t i o n s  bowing a ro u n d  
p r e c i p i t a t e s ,  i e  th e  Orowan model o f  p a r t i c l e  s t r e n g t h e n i n g ,  s in c e  
a c c o r d in g  t o  t h i s  th e o r y  th e  maximum s t r e n g t h  s h o u ld  o c c u r  when i s  
a t  a  maximum.
An a l t e r n a t i v e  p r e c i p i t a t e - h a r d e n i n g  m echanism  which in v o lv e s
s h e a r  o f  t h e  p r e c i p i t a t e  by th e  d i s l o c a t i o n  l e a d s  to  a  r e l a t i o n s h i p
b e tw e e n  t h e  volum e f r a c t i o n  o f  p r e c i p i t a t e  and th e  i n t e r f a c i a l  e n e rg y
45of the precipitate (Kelly and Fine ) leads to an increase in yield 
stress, At , of:
At = r-.fi (4.6)b
T h is  e q u a t i o n  p r e d i c t s  t h a t  y i e l d  s t r e s s  s h o u ld  i n c r e a s e  w i th
volum e f r a c t i o n  o f  p r e c i p i t a t e .  A more q u a n t i t a t i v e  t e s t  o f  t h e
p r e c i p i t a t e  s h e a r  m echanism i s  d i f f i c u l t  t o  make b e c a u s e  o f
uncertainties regarding an appropriate value to choose for y, but
-2





































A g e i n g  t i m e  0  1-40 C  (h )
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D e n s i ty  o f  ft p r e c i p i t a t e  v e r s u s  a g e i n g  t ime a t  1A0°C f o r  









A g e i n g  t i m e  §  J 4 0  C  ( h i
l 1000
°
F ig u re  A.10 Volume f r a c t i o n  o f  ft p r e c i p i t a t e  v e r s u s  a g e in g  t im e  a t  
140°C f o r  a l l  a l l o y s .
T able  4 . 2
P r e c i p i t a t e  d e n s i t i e s  , I n t e r p a r t i c l e  s p a c i n g  and Volume f r a c t i o n  a f t e r
v a r i o u s  a g e in g  t i m e s  a t  140*C.







A3 3 10.0 2 1 .5 0 .007 0 .084
48 3 .3 3 1 . 2 0 .057 0 .2 3 8
A4 7 7 .2 2 4 .0 0 .019 0 .1 3 8
48 4 .2 2 8 .8 0 .0 5 4 0 .2 2 4
A5 H s i 5 .5 2 6 . 3 0 .0 1 5 0 .1 2 2
120 / 2 .4 34 .7 0 .0 4 8 0 .219
16 W 8 .2 2 3 .0 0 .0 3 2 0 .1 7 9
120/ 0 .5 5 8 .5 0 .015 0 .1 2 2
e x p e r i m e n t a l  v a l u e  o f  0 . 0 5 7  f o r  f  ( a t  peak  h a r d n e s s ,  a l l o y  A4) g i v e s  
Ax'^240 MPa. T h i s  i s  o f  t h e  same m ag n i tu d e  a s  t h e  measured  i n c r e a s e  
i n  s t r e n g t h  c a u s e d  by p r e c i p i t a t i o n ,  a l t h o u g h  s t i l l  ^  80 MPa s h o r t  
o f  t h e  m easu red  v a l u e .  T h i s  e x t r a  i n c r e m e n t  c o u ld  p o s s i b l y  be  due 
t o  s o l i d  s o l u t i o n  s t r e n g t h e n i n g  by t h e  e l e m e n t s  magnesium and z i n c .
The s u b s e q u e n t  d r o p  i n  s t r e n g t h  a s  a g e i n g  p r o c e e d e d  can  be
a t t r i b u t e d  t o  t h e  f a c t  t h a t ,  a l t h o u g h  t h e  volume f r a c t i o n  h a s
rem a ine d  t h e  same,  t h e  p r e c i p i t a t e  d e n s i t y  h a s  d e c r e a s e d  t o  a p o i n t
where  t h e  i n t e r p a r t i c l e  s p a c i n g  i s  now s u f f i c i e n t l y  l a r g e  t o  a l l o w  t h e
Orowan d i s l o c a t i o n  bowing mechanism t o  compe te  w i t h  t h e  p r e c i p i t a t e -
c u t t i n g  p r o c e s s .  F o r  e x a m p l e ,  t a k i n g  t h e  r e s u l t s  o f  a l l o y  A3 aged  a t
22 -3
170°C, a t  peak  h a r d n e s s  (2h)Nv ^  3 .0x10  m . A f t e r  70 h o u r s  a t
22 -3
170°C (beyond peak  h a r d n e s s )  t h i s  v a l u e  d e c r e a s e d  t o  ^  0 . 5  x  10 m 
g i v i n g  a v a l u e  f o r  X 'V 32nm. A c c o rd ing  t o  t h e  Orowan m ode l ,  an  
i n c r e a s e  o f  Ax^ 214 MPa would be  e x p e c t e d  o v e r  t h e  s o l u t i o n  t r e a t e d  
c o n d i t i o n  w he re as  a c c o r d i n g  t o  t h e  K e l l y  and F i n e  p r e c i p i t a t e  c u t t i n g  
mechanism t h e  i n c r e a s e  would be  240 MPa. Thus ,  t h e  s t r e n g t h  and 
h a r d n e s s  s t a r t  t o  d e c r e a s e  a s  a g e in g  t im e  i n c r e a s e s  beyond peak  
h a r d n e s s  due t o  d i s l o c a t i o n s  b e i n g  a b l e  t o  bow b e tw e en  t h e  p r e c i p i t a t e s .
A no the r  f a c t o r  w h ic h  s u p p o r t s  t h e  p r e c i p i t a t e  c u t t i n g  mechanism 
up t o ,  and i n c l u d i n g  p e a k  h a r d n e s s ,  i s  t h a t  a l l o y  A4 ( z i n c  a d d i t i o n )  
aged  t o  peak  h a r d n e s s ,  h a d  a  s i m i l a r  s t r e n g t h  t o  a l l o y  A3 (no z i n c )  
and p o s s e s s e d  a s i m i l a r  volume f r a c t i o n  of  p r e c i p i t a t e ,  y e t  p r e c i p i t a t e  
d e n s i t i e s ,  and h e n c e  i n t e r p a r t i c l e  s p a c i n g s ,  were s i g n i f i c a n t l y  
d i f f e r e n t .
Thus ,  i t  i s  p o s s i b l e  t o  r e p r e s e n t  t h e  a g e i n g  curve  i n  t e rm s  of  
t h e  o p e r a t i n g  s t r e n g t h e n i n g  m echan ism s ,  and t h i s  i s  i l l u s t r a t e d  i n  
F i g u r e  4 . 1 1 .  I n i t i a l l y  t h e  s t r e n g t h  o f  t h e  a l l o y  i s  t h a t  o f  t h e  
s u p e r s a t u r a t e d  s o l i d  s o l u t i o n .  As p r e c i p i t a t i o n  t a k e s  p l a c e  t h e  
y i e l d  s t r e s s  i s  g o v e r n e d  by t h e  s t r e s s  n e c e s s a r y  t o  f o r c e  d i s l o c a t i o n s  
t h r o u g h  t h e  p r e c i p i t a t e s .  The work done i n  f o r c i n g  t h e  d i s l o c a t i o n s  
t h r o u g h  t h e  p r e c i p i t a t e s  i s  g o v e rn e d  by s e v e r a l  f a c t o r s ,  i n c l u d i n g  
i n t e r n a l  o r d e r  o f  t h e  p r e c i p i t a t e s  and i n t e r f a c e  e f f e c t s .  As pe a k  
h a r d n e s s  i s  r e a c h e d  t h e  work done i n  c u t t i n g  e a c h  p a r t i c l e  i n c r e a s e s  
and d i s l o c a t i o n s  a r e  e v e n t u a l l y  f o r c e d  b e tw e en  t h e  p a r t i c l e s  i n s t e a d  
o f  t h ro u g h  them. F u r t h e r  i n c r e a s e  i n  p a r t i c l e  s i z e  (and  t h e r e f o r e  
s p a c i n g  s i n c e  volume f r a c t i o n  o f  p r e c i p i t a t e  r e m a in s  t h e  same) t h e n  
l e a d s  t o  a  d e c r e a s e  i n  s t r e n g t h ,  a c c o r d i n g  t o  t h e  Orowan c r i t e r i o n .
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Figure 4.11 Schematic representation of the variation of 
yield stress and precipitate density (N ) with 
ageing time
At s h o r t  a g e i n g  t i m e s  t h e  a p p l i e d  s t r e s s  ( t o )  n e c e s s a r y  t o  f o r c e  d i s l o c a -
44
t i o n s  b e tw een  p a r t i c l e s  i s  much l a r g e r  t h a n  t h e  m easured  y i e l d  s t r e s s  
The v a r i a t i o n  o f  t o  w i t h  a g e in g  t im e  i s  d e n o te d  by th e  d o t t e d  c u r v e  in
F i g u r e  4 . 1 1 ,  where  t h e  p r e c i p i t a t e  d e n s i t y  a s  a f u n c t i o n  o f  a g e in g  
t ime i s  a l s o  r e p r e s e n t e d .
R e t u r n i n g  t o  t h e  q u e s t i o n  o f  t h e  h i g h e r  s t r e n g t h  d e v e l o p e d  i n  
a l l o y s  c o n t a i n i n g  ft p r e c i p i t a t e ,  e q u a t i o n  4 . 4  i n d i c a t e s  t h a t  t h i s  
may be a c h i e v e d  by  i n c r e a s i n g  e i t h e r  t h e  volume f r a c t i o n  o f  p r e c i p i t a t e ,  
f ,  o r  t h e  i n t e r f a c i a l  e n e r g y ,  y .  S i n c e  p r e s e n t  r e s u l t s  show t h a t  f  
does  n o t  d i f f e r  s i g n i f i c a n t l y  f rom one a l l o y  t o  a n o t h e r  a t  peak  
h a r d n e s s ,  t h e  h i g h  s t r e n g t h s  c o n f e r r e d  by ft p r e c i p i t a t e  m ig h t  be 
a t t r i b u t a b l e  t o  a  h i g h e r  i n t e r f a c i a l  e n e r g y ,  i e  t h e  e n e r g e t i c s  i n v o lv e d  
i n  s h e a r i n g  an  ft p r e c i p i t a t e  may be  g r e a t e r  t h a n  t h a t  f o r  s h e a r i n g  a 
0 f p r e c i p i t a t e .  A p rob lem  w i t h  t h i s  h y p o t h e s i s ,  how ever ,  i s  e x p l a i n i n g  
why a p r e c i p i t a t e  o f  a p p a r e n t l y  h i g h e r  i n t e r f a c i a l  e n e r g y  would a p p e a r  
t o  be t h e  more s t a b l e  form i n  t h e  n u c l e a t i o n  and growth  p r o c e s s .
I t  must  b e  n o t e d  t h a t  t h e  d i s l o c a t i o n - b o w i n g  t h e o r y  o f  Orowan
and t h e  p r e c i p i t a t e - c u t t i n g  mechanism o f  K e l l y  and F i n e  a r e  b o t h  b a s e d
on t h e  a s s u m p t i o n  o f  s p h e r i c a l  p a r t i c l e s .  P a r t i c l e  shape  can  p l a y  an
i n p o r t a n t  r o l e  i n  h a r d e n i n g  p r i m a r i l y  by ch a n g in g  t h e  v a l u e  o f  t h e
149p a r t i c l e  s p a c i n g ,  A. K e l l y  h a s  p o i n t e d  o u t  t h a t  a t  e q u a l  volume
f r a c t i o n ,  r o d s  and  p l a t e s  s t r e n g t h e n  a b o u t  t w i c e  a s  much a s  s p h e r i c a l
p a r t i c l e s .  Thus ,  i t  i s  t em p t in g  t o  s u g g e s t  t h a t  t h e  e f f e c t  o f  p a r t i c l e
shape  p l a y s  a more i m p o r t a n t  r o l e  t h a n  d e m o n s t r a t e d ;  i n d e e d ,  i f  t h e
i n t e r f a c i a l  e n e r g y  b e tw een  ft and t h e  a lu m in iu m  m a t r i x  i s  l o w e re d
(making ft t h e  more s t a b l e  pha se )  t h e n  p a r t i c l e  shape  p l a y s  a  c r u c i a l
r o l e  i n  s t r e n g t h e n i n g .  For  example ,  i f  t h e  i n t e r f a c i a l  e n e r g y  i s
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r e d u c e d  t o ,  s a y ,  0 .15Jm  , t h e n  A t  ^  143 MPa f o r  s p h e r i c a l  p a r t i c l e s .
The a c t u a l  i n c r e a s e  r e c o r d e d  was ^  310 MPa and c o u ld  i n d i c a t e  t h e  way 
i n  which  p a r t i c l e  sha pe  i s  i n f l u e n c i n g  t h e  d e g r e e  of  s t r e n g t h e n i n g .  
However ,  w i t h o u t  a  v a l u e  f o r  y t h e  a rgum e n t  must  be r e g a r d e d  as  
s p e c u l a t i v e  a t  t h e  p r e s e n t  t im e .
4 . 7  E n v i r o n m e n ta l  B e ha v iou r
A l though  t h e  e x p e r i m e n t a l  a c c u r a c y  i n  t h e  e n v i r o n m e n t a l  t e s t s  
was g e n e r a l l y  p o o r ,  p a r t l y  a s  a  r e s u l t  o f  t h e  r e l a t i v e l y  l a r g e  e f f e c t  
t h a t  s e g r e g a t e d  p o r o s i t y  h a s  upon t h e  s m a l l  d i a m e t e r  s p e c i m e n s ,  some 
c l e a r  t r e n d s  emerged from th e  work.
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T e s t i n g  i n  s e a  w a t e r ,  compared w i t h  t e s t i n g  i n  a i r ,  r e s u l t e d  i n  
a r e d u c t i o n  i n  l i f e  and i n  l o a d  b e a r i n g  i c a p a c i t y  of  a l l  a l l o y s .  The 
e x t e n t  o f  t h i s  d e g r a d a t i o n  was ,  h o w e v e r ,  d e p e n d e n t  on m e t a l l u r g i c a l  
c o n d i t i o n .  Fo r  example ,  a f t e r  a g e i n g  t o  p e a k - h a r d n e s s  a t  170°C, t h e  
a l l o y s  c o n t a i n i n g  z i n c  (A4 and A5) showed r e l a t i v e l y  s m a l l  r e d u c t i o n s  
i n  s t r e n g t h  (a  few p e r  c e n t )  and i n  l i f e  (*v- 20%) . On t h e  o t h e r  hand 
t h e  p r o p e r t i e s  w ere  r e d u c e d  by a t  l e a s t  50% i n  a l l o y  A3 (See T a b le  
3 . 3 ) .  I n  t h e  p e a k - h a r d n e s s  c o n d i t i o n  c o r r o s i o n  c r a c k s  were  p r e s e n t  
i n  a l l  a l l o y s ,  w i t h  r e a c t i o n  p r o d u c t s  c o n t a i n i n g  oxygen,  s u l p h u r  and 
c h l o r i n e  b e i n g  a s s o c i a t e d  w i t h  i n t e r g r a n u l a r  a t t a c k  ( f o r  ex a m p le ,  see  
F i g u r e  3 . 4 2 b ) .  The c r a c k s  g rew u n d e r  t h e  combined e f f e c t  o f  s t r e s s  
and c o r r o s i v e  e n v i r o n m e n t  u n t i l  t h e  l o a d  b e a r i n g  a r e a  was r e d u c e d  
such t h a t  f a i l u r e  o f  t h e  sound m e t a l  o c c u r r e d  to  g i v e  a  t e n s i l e  
f r a c t u r e  s i m i l a r  t o  t h a t  o b s e r v e d  i n  t h e  t e s t s  i n  a i r  (eg F i g u r e  3 . 3 1 a ) .  
There  were c l e a r  i n d i c a t i o n s  t h a t  s am ples  which  s u f f e r e d  t h e  g r e a t e r  
l o s s  in  p r o p e r t i e s  were t h o s e  i n  wh ich  i n t e r g r a n u l a r  c o r r o s i v e  a t t a c k  
was t h e  more s e v e r e ,  a l t h o u g h  t h e  g row th  o f  c o r r o s i o n  p r o d u c t s  on 
p o s t - f r a c t u r e  s u r f a c e  b e f o r e  r em ova l  o f  t h e  b r o k e n  sp e c im en  f rom  t h e  
s e a  w a t e r  p r e c l u d e d  any q u a n t i t a t i v e  a s s e s s m e n t  o f  t h e  e x t e n t  o f  
c o r r o s i v e  a t t a c k .
T h is  t y p e  o f  a c c e l e r a t e d  c r a c k i n g  h a s ,  i n  some s y s t e m s ,  been  
a s s o c i a t e d  w i t h  e l e c t r o c h e m i c a l  r e a c t i o n s  where  l o c a l  a n o d i c  r e g i o n s  
a r e  s e t  up i n  t h e  m e t a l  which a r e  p r e f e r e n t i a l l y  a t t a c k e d  by t h e  
e n v i r o n m e n t ^ ^ .  C l e a r l y  t h e r e  would  be  p r e f e r e n t i a l  a t t a c k  a t  g r a i n  
b o u n d a r i e s  by t h e  s a l t  w a t e r  s i n c e  a l l  a l l o y s  t e s t e d  p o s s e s s e d  b o t h  
g r a i n  boundary  p r e c i p i t a t i o n  and a d j a c e n t  p r e c i p i t a t e - f r e e  z o n e s ,  a  
s t r u c t u r e  which e n h a n c e s  t h e  e l e c t r o - c h e m i c a l  e f f e c t s  i n  t h e s e  r e g i o n s .  
However,  i t  wou ld be  d i f f i c u l t  t o  a c c o u n t  f o r  t h e  d i f f e r e n c e s  o b s e r v e d  
be tw een  a l l o y s  aged  t o  peak  h a r d n e s s  s o l e l y  on t h i s  b a s i s ,  p a r t i c u l a r l y  
s i n c e  th e y  c o n t a i n e d  t h e  same t y p e  and q u a n t i t y  o f  g r a i n - b o u n d a r y  
p r e c i p i t a t e .
A more l i k e l y  e x p l a n a t i o n  i s  t h a t  t h e  z i n c  a d d i t i o n  h a s  m o d i f i e d
t h e  p r e c i p i t a t e - f r e e  zone (PFZ) a d j a c e n t  t o  t h e  g r a i n  b o u n d a r i e s .
Removal o f  t h e  PFZ o r  a r e d u c t i o n  i n  i t s  w i d t h  would b e  e x p e c t e d  t o
s u p p r e s s  e l e c t r o c h e m i c a l  e f f e c t s  and t h e r e b y  r e d u c e  t h e  e x t e n t  o f  
127 137c o r r o s i v e  a t t a c k  * and t h i s  may w e l l  be  one r o l e  o f  t h e  z i n c  
a d d i t i o n .  However ,  t h e  l i m i t e d  number o f  g r a i n  b o u n d a r i e s  p r e s e n t  i n  
t h e s e  c o a r s e - g r a i n e d  s t r u c t u r e * m e a n t  t h a t  r e l i a b l e  d a t a  was d i f f i c u l t  
t o  o b t a i n ,  a l t h o u g h  t h e r e  was a s u g g e s t i o n  from TEM work t h a t  PFZf s
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were n a r r o w e r  i n  a l l o y s  c o n t a i n i n g  z i n c .
As r e g a r d s  t h e  o v e ra g e d  a l l o y s ,  t h e  m i c r o s t r u c t u r e s  were 
d i f f e r e n t  and any e f f e c t  o f  z i n c  was h i d d e n  by some o t h e r  mechanism 
s i n c e  a l l o y  A5 now h a s  p o o r  p r o p e r t i e s  w h e re a s  a l l o y s  A3 and AA g i v e  
t h e  b e t t e r  p e r f o r m a n c e .  T h i s  c a n n o t  be e x p l a i n e d  f u l l y ,  a l t h o u g h  
t h e  f a c t  t h a t  a l l o y  A5 had a  mixed  mode o f  p r e c i p i t a t i o n  may be  o f  
some s i g n i f i c a n c e  i n  t h i s  r e s p e c t .  S i m i l a r l y ,  t h e  p o o r e r  p r o p e r t i e s  
of  s o l u t i o n - t r e a t e d  AA compared w i t h  a l l o y s  A3 and A5 c a n n o t  be 
e x p l a i n e d ,  s i n c e  a s -q u e n c h e d  s u p e r s a t u r a t e d  s o l i d  s o l u t i o n s  o f
a lu m in ium  a l l o y s  a r e  g e n e r a l l y  found  t o  be  r e l a t i v e l y  r e s i s t a n t  to
, . 122 s t r e s s - c o r r o s i o n  c r a c k i n g
As an  i n t e r e s t i n g  c o m p a r i s o n  a  F r e n c h  c a s t i n g ,  a l l o y ,  A v io r
1 22(A l -A .6C u-0 .A M g-0 .8A g-1 . AZn) i s  r e p o r t e d  a s  b e l o n g i n g  t o  t h e  group  
o f  most  s t r e s s - c o r r o s i o n  s u s c e p t i b l e  a l l o y s  when i n  t h e  T6 h e a t  t r e a t ­
ment  c o n d i t i o n ,  i e  s o l u t i o n - t r e a t e d  and  aged  t o  peak  h a r d n e s s .  The 
c o m p o s i t i o n  o f  t h i s  a l l o y  i s  s i m i l a r  t o  t h a t  of  a l l o y s  AA and A5 
which  i n  t h i s  work show g r e a t e r  r e s i s t a n c e  t o  SCC i n  t h e  peak  h a r d n e s s  
c o n d i t i o n .  However ,  no d i r e c t  c o m p a r i s o n  b e tw e e n  t h e  a l l o y s  h a s  




1 C o r i n g  and much of  t h e  g r a i n - b o u n d a r y  p r e c i p i t a t e  p r e s e n t  i n  c a s t  
a l l o y s  b a s e d  on t h e  Al-Cu c o m p o s i t i o n  can be  removed by t r e a t m e n t  a t  
500°C f o r  6 h  f o l l o w e d  by 42 h a t  525°C.
2 Age ing  a t  b o t h  140°C and 170°C gave t e n s i l e  s t r e n g t h s  >400 MPa, 
t h e  s t r o n g e r  a l l o y s  (A3 and A4) b e i n g  t h o s e  i n  which  magnesium and 
s i l v e r  were  p r e s e n t  a t  ^  0 . 6  wt%.
3 P r e c i p i t a t i o n  i n  a l l o y s  c o n t a i n i n g  ^ 0 . 6  wt% magnesium and s i l v e r  
(A3 and A4) was e s s e n t i a l l y  homogeneous and o c c u r r e d  on {111} p l a n e s
of  t h e  a lu m in iu m  l a t t i c e .  P r e c i p i t a t i o n  i n  a l l o y  A5 o c c u r r e d  on b o t h  
{100} and {111} l a t t i c e  p l a n e s .
4 The p r e c i p i t a t e  formed on {111} p l a n e s  h a s  be e n  i d e n t i f i e d  as  
h a v in g  a  h e x a g o n a l  s t r u c t u r e  w i t h  a  = 0 .4 9 6  nm and c / a  = 1 .4 14 .
The o r i e n t a t i o n  r e l a t i o n s h i p s  a r e  g i v e n  b y :
p p t  | |  < 111> A1
and <1070> p p t  | |  < 1 10> A1
T h is  e p i t a x y  r e s u l t s  i n  c l o s e  r e g i s t r y  be tw een  l a t t i c e  v e c t o r s  i n  t h e  
r e s p e c t i v e  s t r u c t u r e s .
5 { 1 1 l } - t y p e  p r e c i p i t a t i o n  i s  a s s o c i a t e d  w i t h  a s i n g l e  a g e in g  peak  
and t h e  p r e c i p i t a t e  does  n o t  c h a n g e  i t s  c r y s t a l  s t r u c t u r e  w i t h  
i n c r e a s e d  a g e i n g  t i m e .  I t  i s  c o n s i d e r e d  t o  be  an  e q u i l i b r i u m  p h a s e .
6 P r e c i p i t a t i o n  on {100} l a t t i c e  p l a n e s  i n  a l l o y  A5 h a s  been  
i d e n t i f i e d  a s  b e i n g  0 ' .  No e v i d e n c e  was found  f o r  t h e  f o r m a t i o n  o f  
G P zones  and 6 " ,  u s u a l l y  a s s o c i a t e d  w i t h  Al-Cu a l l o y s .  {100} 
p r e c i p i t a t i o n  o c c u r s  o n l y  i n  s m a l l  amounts  i n  a l l o y s  A3 and A4, and 
t e n d s  t o  d i s s o l v e  d u r i n g  t h e  {111} g rowth  p r o c e s s .
7 P r e c i p i t a t e  g rowth  i s  a  d i f f u s i o n - c o n t r o l l e d  r a t h e r  t h a n  an 
i n t e r f a c e - c o n t r o l l e d  p r o c e s s .
8 A s m a l l  a d d i t i o n  ( ^ 1 . 1  wt%) o f  z i n c  r e d u c e s  t h e  s i z e  o f  t h e
{ 1 1 1 } - ty p e  p r e c i p i t a t e  b u t  does  n o t  change  i t s  c r y s t a l  s t r u c t u r e .
9 Q u a n t i t a t i v e  TEM m easu rem en ts  o f  p r e c i p i t a t e  p o p u l a t i o n s  show
t h a t  t h e  h a r d n e s s  peak  o c c u r s  a s  t h e  volume f r a c t i o n  o f  p r e c i p i t a t e  
s t a r t s  o f f  a t  i t s  maximum v a l u e  ('v 6% f o r  a l l  a l l o y s ) . The h a r d e n i n g
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mechanism i s  a s s o c i a t e d  w i t h  t h e  s h e a r  of  p r e c i p i t a t e s  by d i s l o c a t i o n s .  
The h i g h e r  s t r e n g t h  o f  a l l o y s  c o n t a i n i n g  a l l  { I 1 l } - t y p e  p r e c i p i t a t e  may 
t h e n  be due to  a h i g h e r  v a l u e  f o r  i t s  i n t e r f a c i a l  e n e r g y ,  compared w i t h  
t h e  {100} p r e c i p i t a t e  s t r u c t u r e .
10 As p r e c i p i t a t e s  c o a r s e n  d u r i n g  l o n g e r  a g e i n g  t i m e s  (Os tw a ld  
r i p e n i n g ) ,  t h e  d i s l o c a t i o n  bowing mechanism becomes o p e r a t i v e ,  c a u s i n g  
a d e c r e a s e  i n  t h e  s t r e n g t h  o f  t h e  a l l o y s .
11 T e s t i n g  i n  a s e a  w a t e r  e n v i r o n m e n t  g e n e r a l l y  d e g ra d e d  t h e  a l l o y  
p r o p e r t i e s .  I n t e r g r a n u l a r  a t t a c k  o c c u r r e d  t o g e t h e r  w i t h  t h e  f o r m a t i o n  
o f  c o r r o s i o n  p r o d u c t s  c o n t a i n i n g  t h e  e l e m e n t s  oxygen ,  s u l p h u r  and 
c h l o r i n e .
12 Z inc  h a s  a b e n e f i c i a l  e f f e c t  on t h e  s t r e s s - c o r r o s i o n  b e h a v i o u r  
of  a l l o y s  i n  t h e  p e a k - h a r d n e s s  c o n d i t i o n ,  b u t  more work i s  needed  
b e f o r e  t h e  mechanism o f  s t r e s s - c o r r o s i o n  a t t a c k  i s  u n d e r s t o o d .
13 Of t h e  sy s te m s  i n v e s t i g a t e d  an a lu m in ium  -  4% c o p p e r  a l l o y  
which  c o n t a i n e d  a p p r o x i m a t e l y  0 . 6  wt% o f  t h e  e l e m e n t s  magnesium and 
s i l v e r  and ^ 1 wt% z i n c  ( a l l o y  A4) p o s s e s s e d  t h e  b e s t  c o m b i n a t i o n  o f  
s t r e n g t h  and s t r e s s - c o r r o s i o n  r e s i s t a n c e .
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SUGGESTIONS FOR FUTURE WORK
I t  i s  c l e a r  t h a t  more work i s  needed  t o  f u l l y  c h a r a c t e r i s e  t h e  
p r e c i p i t a t i o n  b e h a v i o u r  o f  Al-Cu-Mg-Ag a l l o y s  o f  s i m i l a r  c o m p o s i t i o n s  
t o  t h o s e  s t u d i e d  h e r e ,  p a r t i c u l a r l y  w i t h  r e g a r d  t o  t h e  c o n t r i b u t i o n s  
of  v a r i a t i o n s  i n  magnesium and z i n c  c o n t e n t s  have on t h e  o v e r a l l  
p r e c i p i t a t i o n  b e h a v i o u r .  I n  t h i s  r e s p e c t ,  s u g g e s t i o n s  f o r  f u t u r e  
work a r e  o u t l i n e d  b e lo w :
1 A more d e t a i l e d  q u a n t i t a t i v e  s t u d y  o f  t h e  a l l o y s  s t u d i e d  h e r e ,  
p a r t i c u l a r l y  w i t h  r e f e r e n c e  t o  t h e  m i c r o s t r u c t u r e s  p ro d u ce d  a t  
d i f f e r e n t  a g e i n g  t e m p e r a t u r e s .  Of p a r t i c u l a r  i n t e r e s t  would  be t h e  
e f f e c t  o f  a g e i n g  a t  h i g h e r  t e m p e r a t u r e s ,  up t o  say 350°C,  t o  a s s e s s  
t h e  s t a b i l i t y  o f  t h e  ft p r e c i p i t a t e .
2 The s t u d y  o f  a  w i d e r  r a n g e  o f  c o m p o s i t i o n s ;  f o r  e x a m p le ,  an  
i n t e r e s t i n g  s tu d y  would  b e  t o  d e f i n e  t h e  "window" i n  which o n l y  ft 
p r e c i p i t a t i o n  o c c u r s .  T h i s  h a s  b e e n  q u a l i t a t i v e l y  e s t a b l i s h e d  a s  
n e c e s s i t a t i n g  t h e  p r e s e n c e  o f  ^0.6wt% o f  b o t h  magnesium and s i l v e r .  
However,  v a r i a t i o n s  i n  magnesium c o n t e n t  f rom ,  s a y ,  0 .5  t o  0.8wt% 
may p r o v e  i n s t r u c t i v e .
3 A s t u d y  o f  low magnesium c o n t e n t  a l l o y s  i n  o r d e r  t o  f u l l y  
c h a r a c t e r i s e  t h e  GP zone  0" -*• 0 '  p r e c i p i t a t i o n  sequence  by e l e c t r o n  
d i f f r a c t i o n ,  and t h e r e f o r e  h e l p  i n  u n d e r s t a n d i n g  t h e  e f f e c t  o f  two 
p r e c i p i t a t i o n  modes ,  a s  fo u n d  i n  t h e  low er  Mg c o n t e n t  a l l o y s .
4 T e n s i l e  t e s t i n g  a f t e r  d i f f e r e n t  a g e i n g  t im es  a lo n g  t h e  a g e i n g  
c u rv e  i n  o r d e r  t o  f u l l y  a s s e s s  t h e  s t r e n g t h e n i n g  mechanisms a s  a  
f u n c t i o n  of  a g e i n g  t i m e .  T h i s  work c o u l d  be  compl im ented  by TEM 
e x a m i n a t i o n  o f  t h e  d e fo rm ed  a l l o y s  t o  l o o k  f o r  p a r t i c l e  c u t t i n g  e t c .
5 A more d e t a i l e d  s t u d y  o f  t h e  SCC b e h a v i o u r  o f  t h e  a l l o y s ,  u s i n g  
t h e  f r a c t u r e  m e c h a n ic s  a p p r o a c h  t o  a s s e s s  t h e  SCC s u s c e p t i b i l i t y .  Of 
e q u a l  im p o r ta n c e  i n  t h i s  r e s p e c t  i s  t h e  s t u d y  o f  g r a i n  bounda ry  
p r e c i p i t a t i o n ,  and t h e  e f f e c t  t h a t  a d d i t i o n s  such a s  z i n c  may h a v e  on 
PFZ w i d t h  and SCC s u s c e p t i b i l i t y  i n  g e n e r a l .
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APPENDIX I
S t a t i s t i c s  Program f o r  P r e c i p i t a t e  S izes
TYPE STATS.BAS  
10 REM S T A T IS T IC S  PROGRAM FOR PRECIP ITATE S I Z E S  
20 DIM A < 8 0 0  > , B ( 8 0 0 } , C < 3 0 0 ) , X ( 2 0  > , F < 20 )
30  1 = 1 : N = 0 : S=0
40 INPUT " I D E N T I F I C A T I O N ” ;A»
50  PRINT ASsPRINT
bO INPUT A < I ) *  IF  A < I >=0 GOTO 8 0
70  N*=N+1 s 1 = 1 + 1 sGOTO 6 0
30 REM TO CONVERT READINGS INTO ACTUAL S IZ E S  IN  NM
90  INPUT "P R IN T  M A G N IF IC A T IO N " ; MA
1 00  FOR 1=1 TO N
110 B < I )  = < A ( I > / M A ) * 1 0 0 0
120  NEXT I
130  REM TO CALCULATE THE MEAN 
1 40  FOR 1=1 TO N 
150 S=S+B<! I  )
1 60  NEXT I 
170 ME=S/N
180 REM TO CALCULATE THE VARIANCE  
1 90  FOR 1=1 TO N 
2 0 0  C.<I> = < B < I ) - M E > * ‘ 2 
2 10  NEXT I
2 2 0  V A = 0 : FOR 1 = 1 TO N 
230  V A = V A + C < I )
2 4 0  NEXT I .
2 50  VA=VA/C N - l )
2 6 0  REM TOCALCULATE THE STANDARD DEVIA TION  
2 7 0  SD=SQR<VA)SPRINT  
2 8 0  PRINT A*
2 9 0  PR I  hIT "PRINT MAGNIF ICA TION = ” ;MA SPRINT  
300  PRINT "MEAN = ME; "N M ": PRINT  
3 1 0  PRINT "VARIANCE = " ;V A S P R IN T  
320  PRINT " S .D E V IA T IO N  = " ;S D : P R IN T
3 3 0  PRINT "DO YOU WANT THE DATA SAVED ? <Y OR N>"
3 40  B $ = IN P U T * < 1 >
3 5 0  I F  B * = " N "  GOTO 4 5 0
3 60  I F  B $ = " Y "  GOTO 3 7 0
3 7 0  REM OPEN A DATAFILE  
380  INPUT "FILENAME ? " ; F S  
3 9 0  OPEN " O " , £ 1 , F $
4 0 0  WRITE £ 1 , A * , M A , M E , V A , S D , G , L  
4 1 0  FOR J=1  TO N 
4 2 0  WRITE £ 1 , B( J }
4 3 0  NEXT J
4 40  CLOSE £1 sGOTO 3 3 0  




The g r o w th  in  TEM s t u d i e s  h a s  be e n  accompanied  by an i n c r e a s i n g  
need  t o  p r o v i d e  f u l l y  q u a n t i t i a t i v e  i n f o r m a t i o n  a b o u t  m a t e r i a l  
s t r u c t u r e s  and c o m p o s i t i o n s .  The image formed by a  TEM i s  a m a g n i f i e d  
t w o - d i m e n s i o n a l  p r o j e c t i o n  o f  t h e  o b j e c t  and ,  f o r  d e t e r m i n i n g  p r e ­
c i p i t a t e  d e n s i t i e s ,  t h e  l o c a l  f o i l  t h i c k n e s s  must be  a c c u r a t e l y  
m e a s u r e d .  A v a r i e t y  o f  t e c h n i q u e s  h a v e  been  d e v e lo p e d  f o r  m e a s u r in g  
f o i l  t h i c k n e s s ,  some m ethods  b e i n g  more a c c u r a t e  and f l e x i b l e  i n  u s e  
t h a n  o t h e r s .
M i c r o s t r u c t u r a l  f e a t u r e s  p r e s e n t  i n  a  c r y s t a l l i n e  s o l i d  may be  
u s e d  t o  d e t e r m i n e  i t s  spe c im en  t h i c k n e s s  p r o v i d e d  t h a t :
i  t h e y  a r e  v i s i b l e ,
i i  t h e y  i n t e r e s e c t  t o p  and b o t to m  s u r f a c e s  o f  t h e  f o i l ,
i i i  t h e i r  p r e c i s e  c r y s t a l l o g r a p h i c  o r i e n t a t i o n  can  be  d e t e r m i n e d .
Many d i f f e r e n t  f e a t u r e s  h a v e  b e e n  u s e d  i n  f o i l  t h i c k n e s s  s t u d i e s
i n c l u d i n g  s l i p - p l a n e  t r a c e s  s t a c k i n g  f a u l t s  d i s l o c a t i o n s
(A4)and a v e r a g e d  p r e c i p i t a t e s  . F i g u r e  A2.1 i s  a s c h e m a t i c  r e p r e s e n t a ­
t i o n  o f  t h e  i d e a l  s o l u t i o n ,  where  t h e  t h i c k n e s s  o f  t h e  specimen  i s  
r e l a t e d  t o  t h e  c r y s t a l l o g r a p h i c  f e a t u r e s  by t h e  e q u a t i o n :
t  -  w c o t  0 A2.1
The p r o j e c t e d  w id th  o f  t h e  f e a t u r e  can  be  o b t a i n e d  f rom  an e l e c t r o n  
m ic r o g r a p h  o f  t h e  f o i l  and t h u s ,  i f  t h e  a n g l e  0 i s  known,  t h e  f o i l  
t h i c k n e s s  c a n  b e  d e t e r m i n e d .  The re  a r e  two g e n e r a l  methods  f o r  
d e t e r m i n i n g  t h e  a n g le  0 .  The f i r s t  r e q u i r e s  p r i o r  knowledge  of  t h e  
d e f e c t  h a b i t  p l a n e ;  f o r  e x a m p le ,  s t a c k i n g  f a u l t s  and  s l i p  t r a c e s  a r e  
known t o  l i e  on {111} p l a n e s  i n  f a c e - c e n t r e d  c u b i c  m e t a l s .  A 
d i f f r a c t i o n  p a t t e r n  o f  t h e  r e l e v a n t  a r e a  w i l l  t h e n  a l l o w  t h e  p r e c i s e  
o r i e n t a t i o n  o f  t h e  d e f e c t  t o  be  d e t e r m i n e d .  The seco n d  t e c h n i q u e  
i n v o l v e s  r e c o r d i n g  t h e  p r o j e c t e d  w i d t h  o f  a  d e f e c t  a t  v a r i o u s  t i l t  
a n g l e s .  The r e l a t i o n s h i p  b e tw e e n  t h e s e  two p a r a m e t e r s  c a n  t h e n  be 
u s e d  t o  d e t e r m i n e  t h e  d e f e c t  o r i e n t a t i o n .
A n o t h e r  a p p r o a c h ,  s i m i l a r  t o  t h e  c r y s t a l l o g r a p h i c  t e c h n i q u e ,  i s
t o  a p p l y  a r t e f a c t s  on t o p  and b o t t o m  s u r f a c e s  o f  t h e  f o i l  and r e l a t e
t h e  p r o j e c t e d  d i s t a n c e  b e tw e e n  t h e s e  o b j e c t s  and f o i l  t h i c k n e s s .  For
(A5)e xa m ple ,  Von Heimendahl  a p p l i e d  t i n y  l a t e x  s p h e r e s  ( d i a m e t e r  234 
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Figure A2.1 Ideal situation fo r measuring foil thickness 
using the fault t i l t  method
a l c o h o l i c  s u s p e n s i o n .  For  s p h e r e s  on e i t h e r  s i d e  o f  t h e  f o i l ,  a 
t i l t  i n  one d i r e c t i o n  c a u se d  them to  c o n v e rg e  a p p a r e n t l y  w h i l s t  t i l t ­
i n g  i n  t h e  o p p o s i t e  s e n s e  r e s u l t e d  i n  f u r t h e r  s e p a r a t i o n  i n  t h e  image 
p l a n e .  A n o v e l  method of  p r o d u c i n g  a r t e f a c t s  w i t h i n  t h e  m ic roscope  
was d e v i s e d  by L o r im e r  e t  a l ^ ^ .  They found  t h a t  a f i n e l y  fo c u s s e d  
e l e c t r o n  p r o b e  p ro d u ce d  a r a p i d l y  g rowing  n e e d l e  o f  c o n t a m i n a t i o n  
on t h e  t o p  and b o t t o m  s u r f a c e s  i n  t h e  im m edia te  v i c i n i t y  o f  the  
beam. S u b s e q u e n t  t i l t i n g  o f  t h e  specimen  p ro d u c e d  s e p a r a t i o n  of  t h e  
two " n e e d l e s "  on t h e  v i e w in g  s c r e e n ,  a s  shown i n  F i g u r e  A2.2 and 
f rom  t h e  image o f  t h e  s e p a r a t e d  s p o t s  a t h i c k n e s s  v a l u e  c o u ld  be 
c a l c u l a t e d .  T h i s  method has  an a d v a n t a g e  o v e r  t h e  l a t e x  s p h e re  
method i n  t h a t  i t  a l l o w s  f o r  i n - s i t u  measurem ent  o f  f o i l  t h i c k n e s s  a t  
any p o i n t  o f  i n t e r e s t  o f  t h e  f o i l .
As w e l l  a s  c r y s t a l l o g r a p h i c  and s u r f a c e  a r t e f a c t  t e c h n i q u e s ,  
t h e r e  a r e  methods  o f  f o i l  t h i c k n e s s  d e t e r m i n a t i o n  which u t i l i s e  
t h e  i n t e r a c t i o n s  b e tw e en  t h e  p r i m a r y  e l e c t r o n  beam and specimen.
They a r e  n o n - a b s o l u t e  methods wh ich  mean t h e y  r e q u i r e  c a l i b r a t i o n  
p r i o r  t o  u s e .  E s s e n t i a l l y  a  p a r a m e t e r  i s  m ea su red  which v a r i e s  
p r o p o r t i o n a t e l y  w i t h  t h i c k n e s s ,  t h e  c o n s t a n t  o f  p r o p o r t i o n a l i t y  
b e i n g  d e t e r m i n e d  e x p e r i m e n t a l l y .  Such t e c h n i q u e s  i n c l u d e  m easur ing  
( i )  t h e  a b s o r p t i o n  o f  e l e c t r o n s  by  t h e  f o i l ,  ( i i )  t h e  energy  l o s t  
by an e l e c t r o n  a s  i t  i s  t r a n s m i t t e d  t h ro u g h  t h e  specimen  ( i i i )  t h e  
number o f  e l e c t r o n s  r e f l e c t e d  b a c k  from t h e  s u r f a c e  of  t h e  f o i l ,  
and ( i v )  t h e  i n t e n s i t y  o f  X - ray  e m i s s i o n  f rom  t h e  spec im en .  In  t h e  
p r e s e n t  r e s e a r c h  t h e  X - ray  e m i s s i o n  method h a s  b e e n  u s e d .
A t y p i c a l  X - ray  s p e c t r u m  i s  shown i n  F i g u r e  A 2 .3 .  I t  c o n s i s t s  
o f  a  number o f  c h a r a c t e r i s t i c  l i n e s ,  which a r e  a  f u n c t i o n  of  t h e  
e l e m e n t s  p r e s e n t  and i n  f i x e d  p o s i t i o n s  on t h e  e n e rg y  spec t rum ,  and 
t h e s e  a r e  s u p e r im p o s e d  on a  b a c k g ro u n d  o r  c o n t in u u m  o f  X - r a y s .  The 
d i s t r i b u t i o n  o f  X - ra y s  g e n e r a t e d  i n  a  sample  i s  p a r t l y  l i m i t e d  by 
t h e  p e n e t r a t i n g  power o f  t h e  i n c i d e n t  e l e c t r o n s .  Thus ,  i n  a bu lk  
s p e c im en ,  where  no t r a n s m i s s i o n  o f  e l e c t r o n s  i s  o b s e r v e d ,  t h e  
i n t e n s i t y  o f  g e n e r a t e d  X - ra y s  i s  i n s e n s i t i v e  t o  d i m e n s io n a l  changes  
i n  t h e  t a r g e t , a n d  t h e  c o l l e c t e d  x - r a y s  a r e  a  f u n c t i o n  of  t h e  compos i­
t i o n  o f  t h e  t a r g e t  and t h e  i n c i d e n t  e l e c t r o n  e n e r g y .  However, i f  a 
t h i n  t a r g e t  i s  i r r a d i a t e d i  w i t h  e l e c t r o n s  a  l a r g e  p r o p o r t i o n  of  them 
may be  t r a n s m i t t e d  and no l o n g e r  c o n t r i b u t e  t o  t h e  e x c i t a t i o n  of  
X - r a y s .  As t h e  sample  t h i c k n e s s  i n c r e a s e s  so  to o  does  t h e  number o f
100
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Figure A2.3 Typical x-ray spectrum (schematic)
X - r a y s  g e n e r a t e d  u n t i l  a c o n s t a n t  l e v e l  i s  r e a c h e d  c o r r e s p o n d i n g  t o  
b u l k  d i m e n s i o n s .  T h u s ,  w i t h i n  t h e  t h i n  f i l m  r e g i o n  t h e  X - r a d i a t i o n  
i n t e n s i t y  w i l l  be  a f u n c t i o n  o f  sample t h i c k n e s s .
As e l e c t r o n s  and X - r a y s  a r e  s c a t t e r e d  l e s s  i n  t h i n  f i l m s ,  t h e
’ s p a t i a l  r e s o l u t i o n ’ o f  t h e  f i l m  X-ray  a n a l y s i s  i s  h i g h e r  t h a n  t h a t
f o r  b u l k  s p e c im e n s .  T h i s  means t h a t  much f i n e r  p a r t i c l e s  can  be
a n a l y s e d  and much X - r a y  work on t h i n  f i l m s  h a s  been  done from t h e
a n a l y t i c a l  s t a n d p o i n t .  S in c e  t h e  i n t e n s i t y  o f  c h a r a c t e r i s t i c  X - ray
l i n e s  i s  a f u n c t i o n  o f  t h e  amount  o f  e a c h  e le m e n t  p r e s e n t  i n  a
(A7)sam p le  and o f  t h e  beam c u r r e n t ,  C l i f f  and  L o r im e r  i n t r o d u c e d  
t h e  c o n c e p t  o f  m e a s u r i n g  t h e  c h a r a c t e r i s t i c  X- ray  r a t i o s  i n  an 
a t t e m p t  t o  e l i m i n a t e  c u r r e n t  and t h i c k n e s s  v a r i a b l e s .  F o r  a t h i n  
f i l m  c o n t a i n i n g  e l e m e n t s  A and B, t h e  r e l a t i v e  c o n c e n t r a t i o n s  c o u l d  
be fo u n d  from:
V CB ‘  KAB * A2‘2
The c o n s t a n t  K^g i s  i n d e p e n d e n t  o f  beam c u r r e n t ,  specimen  t h i c k n e s s
and c o m p o s i t i o n  and was e x p e r i m e n t a l l y  d e t e r m i n e d  from m a t e r i a l s  o f
s i m i l a r  known c o m p o s i t i o n s .  I  and I  a r e  t h e  s i m u l t a n e o u s l y
(A8)m e a s u r e d  i n t e n s i t i e s  o f  A and B. N o c k o l d s e t a l  have  shown a 
l i n e a r  dependence  f o r  f i l m  t h i c k n e s s  a s  a f u n c t i o n  o f  t h e  X - ray
i n t e n s i t y . ..............................................................................................................................................
(A9)J a c o b s  and B a bo rovska  examined t h e  v a r i a t i o n  o f  t h e  
Cu/Au r a t i o  w i t h  t h i c k n e s s  i n  f o i l s  o f  Cu -  75.5% Au. They u s e d  t h e  
co n t in u u m  i n t e n s i t y ,  p r e v i o u s l y  c a l i b r a t e d  a g a i n s t  t w in -b o u n d a r y  
t r a c e s ,  a s  t h e i r  t h i c k n e s s  m e a s u r in g  p a r a m e t e r .  However , t h e  low 
c o u n t s  o f  t h e  c o n t in u u m  gave  r i s e  t o  l a r g e  s t a t i s t i c a l  u n c e r t a i n t y  
i n  t h e i r  m e a s u r e m e n t s .  B e n t l e y  and K e n i k ^ ^  have  a l s o  r e p o r t e d  
t h a t  c h a r a c t e r i s t i c  X - r a d i a t i o n  i n t e n s i t i e s  v a r i e d  i n  a l i n e a r  
f a s h i o n  w i t h  f o i l  t h i c k n e s s  (measured  u s i n g  t h i c k n e s s  f r i n g e s ) .
The i d e a l  method f o r  d e t e r m i n i n g  f o i l  t h i c k n e s s e s  must be 
c a p a b l e  o f  p r o v i d i n g  a c c u r a t e  and p r e c i s e  i n - s i t u  m easurements  o v e r  
a w ide  r a n g e  o f  t h i c k n e s s e s  on a wide r a n g e  o f  m a t e r i a l s .  The 
r e g i o n s  o f  i n t e r e s t  t o  be m easu red  s h o u l d  b e  d e t e r m i n e d  by t h e  
o p e r a t o r  and n o t  b e  r e s t r i c t e d  t o  a r e a s  where  a p a r t i c u l a r  t h i c k n e s s  
r e l a t e d  phenomenon o c c u r s .  The methods m e n t io n e d  p r e v i o u s l y  p o s s e s s  
t h e s e  q u a l i t i e s  t o  v a r y i n g  d e g r e e s .  Love e t  a l ^ ^  have  p o i n t e d  o u t
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some of  t h e  a d v a n t a g e s  and d i s a d v a n t a g e s  o f  v a r i o u s  methods f o r  
m ea s u r in g  f o i l  t h i c k n e s s .  A ppa re n t  i n c o n s i s t e n c i e s  were e x p l a i n e d  
by t h e  f a c t  t h a t  e a ch  t e c h n i q u e  m ea s u res  som e th ing  d i f f e r e n t .  The 
c o n t a m i n a t i o n  s p o t  method d e t e r m i n e s  t h e  t o t a l  f o i l  t h i c k n e s s  
i n c l u d i n g  any s u r f a c e  l a y e r s  o f  o x i d e  and c o n t a m i n a t i o n ,  c o n v e r g e n t  
beam d i f f r a c t i o n  g i v e s  t h e  m e t a l  t h i c k n e s s ,  w h i l e  X - ray  methods  w i l l  
o v e r e s t i m a t e  i f  r a d i a t i o n  g e n e r a t e d  i n  any s u r f a c e  l a y e r ,  eg o x id e  
e t c ,  i s  i n c l u d e d  i n  t h e  measurement  o f  X - ray  i n t e n s i t y .  An 
a d v a n ta g e  of  u s i n g  X - ray  i n t e n s i t y  m e a su rem e n ts  i s  t h a t  t h e  method 
i s  f a s t ,  v i r t u a l l y  i n s t a n t a n e o u s  once  t h e  c a l i b r a t i o n  c u r v e  h a s  
been  o b t a i n e d .  On t h e  o t h e r  h a n d ,  t h e  c o n t a m i n a t i o n  s p o t  and con­
v e r g e n t  beam t e c h n i q u e s  r e q u i r e  m easu rem en ts  t o  be made on f i l m .  
However , i t  s h o u l d  be  n o t e d  t h a t ,  w i t h  a l l  m e thods ,  t h e  v a l u e s  
d e r i v e d  r e f e r  t o  f o i l  t h i c k n e s s  i n  t h e  beam d i r e c t i o n  and i f  t h e  
specimen i s  n o t  a c c u r a t e l y  a l i g n e d  p e r p e n d i c u l a r  t o  t h e  beam, a 
f u r t h e r  e r r o r  may be  i n t r o d u c e d  when e s t i m a t i n g  t h e  p o p u l a t i o n  
d e n s i t y  of  f i n e  s t r u c t u r e s .  I t  may be  c o n c l u d e d ,  t h e r e f o r e ,  t h a t  
d e t e r m i n i n g  t h e  l o c a l  f o i l  t h i c k n e s s  o f  t h e  specimen r em a in s  one 
of  t h e  more d i f f i c u l t  m easu rem en ts  t o  c a r r y  o u t  a c c u r a t e l y  i n  t h i n  
f i l m  a n a l y s i s .
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